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Abstract

The InterTropical Convergence Zone (ITCZ) delivers intense precipitation for the tropical regions of the
globe. The Australian tropics receives ~80% of its annual mean rainfall in the wet season (NovemberApril), influenced by the arrival of the Australian Summer Monsoon (ASM) as the ITCZ moves south of
the equator. Northern Australian rainfall projections are uncertain due to a paucity in understanding
the ITCZ dynamics, the ITCZ/ASM relationship, and the large internal variability of these climatic
phenomena. This study explores Central-Indo-Pacific (CIP) ITCZ dynamics, using a new set of indices
that better capture the ITCZ intensity, latitudinal width, centre and southern edge positions (S_edge);
and by using the Sr/Ca record measured in a speleothem collected from Katherine, Northern Territory,
Australia. Over the instrumental period, increases in ASM intensity and rainfall are correlated with
southward latitudinal movements of the southern ITCZ edge (r = -0.71, -0.73 respectively, p < 0.01).
The southern edge is a function of ITCZ position and width, highlighting the problems with linking
changes in paleo-ASM rainfall to latitudinal ITCZ movements alone. The southern ITCZ edge position is
dominated by 3-year interannual variance, punctuated by shorter periods of ~7-year variance, over
the instrumental period. The Sr/Ca records, covering ~1429-1478, ~1761-1777, ~1851-1870 and
~1885-1933, show robust seasonal signals modulated by hydrological change that also reflect S_edge
and the dominance of 3- and 7-year periodicities. The 3-year cycling brings more intense rainfall totals
and seasonality to the northern Australian region relative to the 7-year frequency, but longer Sr/Ca
records are needed to assess their drivers.
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1. Introduction
The InterTropical Convergence Zone (ITCZ) is an essential feature of the climate system, accounting for
over 30% of the global precipitation budget (Atwood et al. 2020, Liu et al. 2020). This phenomenon
delivers intense seasonal rainfall to tropical regions as its latitudinal position shifts north and south
over the equator following solar insolation changes. In addition, the ITCZ influences the global
radiation budget through its effects on cloudiness, in turn affecting global temperature and
precipitation, and their responses to climate change (Byrne et al. 2018).

For the tropical region of Australia, ~80% of the annual mean rainfall is delivered during the NovemberApril period, known as the wet season (Sharmila and Hendon 2020). On a seasonal scale, this rainfall
is dominated by the influence of the Australian Summer Monsoon (ASM), which arrives in the
Australian continent as the latitudinal position of the large-scale ITCZ migrates south in the Austral
summer (Denniston et al. 2016). The seasonal rainfall delivered by these two interrelated climatic
phenomena are economically important for agricultural production and drinking water, and impact
society though damage costs and human displacement associated with extreme flooding events.

Since the ~1950s, summer (December-January-February, ‘DJF’) rainfall across northern Australia has
increased (Zhang and Zhou 2011), along with a gradually increasing intensity in the ASM (Gallego et al.
2017). On the other hand, movements in the latitudinal position of the ITCZ for the Central Indo-Pacific
region (CIP, generally the tropical waters north of Australia) are less constrained, with no clear trends
(e.g. Liu et al. 2020, Tan et al. 2019). The most recent projections (using CMIP6) showed low agreement
on the direction on monsoon rainfall change over the northern Australia between emission scenarios
(Narsey et al. 2020). Furthermore, whilst the global mean ITCZ is projected to narrow in latitudinal
width and strengthen in core rainfall intensity, regional ITCZ changes, and the associated changes in
precipitation, are characterised by considerable uncertainty (Byrne et al. 2018).

Reducing rainfall prediction uncertainties for the northern Australian region is undoubtedly dependent
upon improving our understanding of the regional ITCZ dynamical components, such as its width and
intensity (Byrne et al. 2018), and their relationship with the ASM. Ambiguities in Australian rainfall
projections are also argued to stem from the large internal variation within the climate phenomena
involved (Rowell 2011). Therefore, investigating and understanding historical changes in northern
Australian rainfall and ASM/ITCZ variability will help improve predictions for the future, which is
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particularly important under the threat of anthropogenic climate change and the associated
uncertainties (Sinha et al. 2014, Deng et al. 2016).

Accordingly, the central aim of this thesis is to investigate the link between the CIP ITCZ dynamics, the
ASM, and their influence on northern Australian rainfall, using both observational data from the
instrumental period, and proxy records from speleothems. The thesis begins with a detailed literature
review examining the current understanding and trends of the ITCZ and ASM, the potential for
speleothem records to record paleo-rainfall signals, and a more detailed description of the aims of this
project (Chapter 2). Trace element ratio data is presented from u-PIXE analyses of a speleothem from
the Katherine region, in Australia’s Northern Territory (Chapters 3 and 4), and investigation into their
sensitivity to rainfall variability is conducted (Chapter 5). A broader range of indices describing ITCZ
variation for the CIP region over the 20th Century are analysed, and their influence on Katherine rainfall
is assessed. Pre-instrumental variations in the ITCZ are then analysed by further exploring the
speleothem rainfall signal (Chapter 5). Finally, thesis conclusions and recommendations for future
work are presented (Chapter 6).
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2. Literature Review
2.1

Monsoons and the InterTropical Convergence Zone: General definitions

2.1.1 What is the InterTropical Convergence Zone?
The InterTropical Convergence Zone (ITCZ) is the narrow, tropical, east-west orientated band of
intense precipitation associated with the rising branch of the Hadley Circulation (Denniston et al.
2016). This precipitation is driven by the moisture convergence associated with the collision of
northerly and southerly trade winds near the equator (Byrne et al. 2018). The latitudinal position of
the ITCZ varies seasonally, moving north and south over the equator following the seasonal cycle of
solar insolation. This seasonal cycling has been explained by the energetic theory (e.g. Byrne et al.
2018), where the ITCZ location is a function of hemispheric contrasts in temperature and net radiative
fluxes. In this theory, the ITCZ is said to be located at Earth’s energy flux equator, where the poleward
atmospheric energy flux is zero. An increase in the interhemispheric radiation contrast requires an
increase in cross-equatorial energy flux, and a consequential shift of the ITCZ further into the
hemisphere that is receiving additional radiation (Byrne et al. 2018). Positioning of the ITCZ, therefore,
is dynamic, and varies overtime in response to forcing that alters this interhemispheric energy flux
(Denniston et al. 2016). Thus, forces other than solar insolation may influence its latitudinal position.
For example, Atwood et al. (2020) found that latitudinal ITCZ shifts occurred under a variety of climate
forcings (e.g. meltwater, volcanic eruptions). Importantly, however, the direction and magnitude of
the ITCZ shift was found to vary strongly as a function of longitude (Atwood et al 2020). This highlights
the dynamic nature of the ITCZ on a regional scale, and that shifts under the same climate forcing are
not necessarily uniform across the whole ITCZ. Therefore, changes in the ITCZ inferred from a particular
study site should be considered on a regional scale, rather than global.

On an annual scale, the average global ITCZ location lies north of the equator (at ~6N). This is a result
of a relatively warm Northern Hemisphere (NH), attributed to its greater land mass and the influence
of Atlantic Meridional Overturning Circulation (AMOC, Schneider et al. 2014). Over the Indo-Pacific
region, the ITCZ is pulled further poleward in seasonal insolation forced migrations relative to the
global average, shifting between ~25N in the boreal summer and ~16S in the boreal winter. This is
attributed to summer heating of the Tibetan Plateau and the Australian Shield (Denniston et al. 2016).

Latitudinal position is not the only dynamic aspect of the ITCZ, however. The ITCZ width and strength
are important components of ITCZ variability that have received relatively little attention in the
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literature. Correspondingly, the mechanistic framework for variations in these additional components
is much more limited, and their historical variations remain less constrained (Byrne et al. 2018).

2.1.2 What is the Australian Summer Monsoon?
The term ‘monsoon’ refers to the reversal of the tropical and subtropical atmospheric circulations,
accompanied by significant seasonal changes in precipitation (Zhang and Moise 2016). The Australian
Summer Monsoon (ASM), a component of the greater Asian Monsoon system, is characterised by a
reversal of dry easterly trade winds into moisture-laden westerly winds in the low to middle
troposphere, which cover the southern part of the Maritime Continent (MC) including the JavaSumatra region, Java and Timor Sea, and nearby waters (Zhang and Moise 2016, note some variations
in the spatial domain of the ASM exist between studies e.g. Wang 2006). These zonal westerly winds
originate from the tropical Indian Ocean and South Asian waters, extending further eastward toward
the New Guinea and Solomon Islands where it is sometimes referred to as the Western Pacific
Monsoon. However, the seasonal rainfall variation experienced in the New Guinea and Solomon
Islands is relatively weak (Zhang and Moise 2016).

In Australia, the zonal monsoon westerlies penetrate to about 15S, with winds remaining largely
easterly south of this latitude. A monsoon trough forms over a large part of northern Australia, where
the dry east to south-east trade winds meet the moisture-laden westerly monsoon winds (Fig. 1). The
large amount of warm, moist air transported via the westerly winds combined with the ascending
motion created by the monsoon trough produces heavy monsoon rainfall over the northern Australian
region (Zhang and Moise 2016).
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Figure 1: A schematic diagram displaying the synoptic patterns typically associated with the active phase of the
ASM. The red dashed line indicates an approximate position of the monsoon trough. Image Sourced from the
Bureau of Meteorology (https://media.bom.gov.au/social/blog/2009/askbom-what-is-the-monsoon/).

Pronounced variability of the ASM occurs at a range of temporal scales, which is connected to global
tropical and sub-tropical climate forcing (Kajikawa et al. 2010, Zhang and Moise 2016). The timing of
the ASM onset has been found to vary on interannual scales, attributed to various major climatic
influences including thermal contrast between the land and sea, barotropic instability in the tropics,
arrival of the Madden-Julian Oscillation (MJO), and the intrusion of mid latitude troughs. Studies point
toward monsoon onset dates near the end of December for the Darwin region. On the other hand,
the retreat date has been found to exhibit less interannual variance, with the monsoon generally
retreating from the Australian continent by early to middle March. Thus, seasonal precipitation
induced by the ASM is generally seen over the December-January-February (DJF) period (Zhang and
Moise 2016). The Australian wet season, whilst encompassing the monsoon period, extends to several
months on both sides of this time frame (Sharmila and Hendon 2020). Variations in ASM intensity have
also been found to occur on an interannual scale (~2-3 years), linked to the Tropospheric Biennial
Oscillation (TBO) where the ASM interacts with other monsoons in the Indo-Pacific region (Wang and
Yu 2018). This phenomenon involves transitions between the ASM and either the Western North
Pacific Summer Monsoon (WNPSM) or the Indian Summer Monsoon (ISM), related to coupling of Sea
Surface Temperatures (SSTs) between the Pacific and either Atlantic or Indian Oceans respectively.
Sub-seasonal variation of the ASM exists in the form of active (wet) and break (dry) periods in the
monsoon westerlies and associated precipitation. These episodes can last up to a few weeks, and often
reflect the passage of the MJO (Marshall and Hendon 2015).
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2.1.3 The relationship between the ITCZ and monsoons
Importantly, the ITCZ is known to be intimately connected to seasonal monsoon circulations (Byrne et
al. 2018), however the links between the ITCZ and particular monsoonal features are yet to be
completely understood. A plethora of paleo-reconstructions have documented variability in monsoonderived rainfall, linking this variability to changes in the latitudinal ITCZ position. For example, during
the Holocene, ISM rainfall was found to have weakened as the boreal-summer position of the ITCZ
migrated southward (Schneider et al 2014). Similarly, the Australian Summer Monsoon (ASM) is
strongly influenced by the position of the ITCZ (Ishiwa et al. 2019). The concept of a monsoon has even
been posed as a manifestation of the seasonal ITCZ migrations, refuting the traditional hypothesis that
the monsoon is a gigantic land-sea breeze driven by the land-ocean contrast in temperature (Gadgil
2018). Ultimately, the lack of knowledge on other ITCZ dynamical components, such as the width and
strength, limits our ability to form a more complete understanding of the relationship between the
ITCZ and monsoons.

2.2

Indices and recent trends

Instrumental climate-data records collected over the recent past have allowed climatologists to
examine tropical hydroclimate variability and its changes in response to both natural and
anthropogenic forcing (Byrne et al. 2018). A common method used to analyse the influence of climatic
phenomena on various related variables, such as precipitation, is the creation of climate indices. A
climate index generally consists of a single numerical value that indicates a measure of change away
from the calculated mean in an oscillatory climate system (Rogers and Beringer 2017). This value can
then be statistically correlated with other climatic variables to indicate their relationship. Indices
quantifying the strength of the ASM and the latitudinal position of the ITCZ have been explored in the
literature. Their definitions, trends and utility are discussed in this section.

2.2.1 The AUStralian Summer Monsoon Index (AUSMI)
Historically, the strength and onset of the ASM was measured with local wind and precipitation records
from Darwin, which are available from the end of the 19th Century onwards. However, this method
does not represent the dynamics of the broad-scale ASM, and hence, the use of objective circulation
indices over the monsoon’s moisture-source area are preferred (Kajikawa et al. 2010, Gallego et al.
2017).
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Currently, the Australian Summer Monsoon Index (AUSMI) is the most widely applied dynamical index
for representing broad scale changes in the ASM (Gallego et al. 2017, Fig. 2a). It is defined as the 850
hPa zonal wind averaged for DJF over the area (5°S–15°S, 110°E–130°E), and was originally calculated
from NCEP reanalysis data by Kajikawa et al. (2010). Updated data spanning from 1948-1949 to 20192020 is provided by Kajikawa and Wang (2021).

Figure 2: a (left): AUSMI (DJF) values for 1948-2020. A smoothed conditional mean was calculated and plotted using
the loess regression method, along with the associated confidence intervals (grey shading). Figure 2b (right):
Correlation map between AUSMI values and Indo-Pacific gridded rainfall (‘P’) over the 1948-2020 period for the DJF
season (rainfall from CRU TS v4 (Harris et al. 2020)). The black rectangle represents the spatial area over which AUSMI
values are calculated.

The AUSMI is strongly correlated with DJF rainfall in southern Indonesia and northern Australia on an
interannual scale, reaching a maximum r value of 0.67 (Fig. 2b). This index also correlates well with
monsoon rainfall on intra-seasonal and decadal – interdecadal scales (Kajikawa et al. 2010). Thus, the
AUSMI appears to represent DJF rainfall variability in the southern part of the CIP well, allowing it to
be used for inferring variations in ASM dynamics.

Whilst Kajikawa et al. (2010) did not perform a linear regression on AUSMI values through time,
analysis of up-to-date data reveals an insignificant increasing AUSMI trend between 1948 and 2020 of
0.044 AUSMI units/decade (p=0.44). Rogers and Beringer (2017), who recalculated AUSMI using the
20th Century Reanalysis (20CR) (Compo et al. 2011), claim a weak but significant negative linear AUSMI
trend over their study period of 1900-2010, although a trend coefficient was not provided. The authors
suggest this trend may indicate either a weakening of the ASM, or a reduction of the time when the
monsoon is active. This finding contradicts their observation of increased annual rainfall for the entire
North Australian Tropical Transect over the study period, as well as other documentations of increased
summer rainfall across northern Australia from the ~1950s onward (Zhang and Zhou 2011). The
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discrepancy between weakening AUSMI and increasing rainfall documented here could be a function
of:
i)

The quality of pre-1948 data in the extended reanalysis data (20CR) used in Rogers and
Beringer (2017) to calculate AUSMI values, or;

ii)

Northern Australian rainfall being influenced by another factor

This highlights the importance of data accuracy, particularly regarding the differences between early
and late 20th Century instrumental climate data (i.e. the accuracy of instruments used), and how that
data is used to generate climate reanalysis data. Additionally, this discrepancy highlights the benefit
of high-resolution proxy records in facilitating analyses of paleoclimatic change beyond the temporal
bounds of instrumental data, more of which will be discussed in Section 2.3.

2.2.2 The Australian Monsoon Directional Index (AMDI)
The Australian Monsoon Directional Index (AMDI, Gallego et al. 2017) uses historical observed wind
direction measurements (rather than reanalysis zonal wind speed as in AUSMI), covering a much
longer time period from 1800-2014. The authors hypothesise that the frequency of days with prevalent
westerly wind in a certain geographical domain over northern Australia can be used as a proxy for the
changes in zonal wind speed at the 850 hpa level. Under this assumption, the AMDI is defined as the
percentage of days per month inside the domain 4°S–18°S, 98°E–138°E with prevailing surface wind
blowing from the west. The AMDI correlates well with the AUSMI over their common period (19482014) (r = 0.71, 0.69 & 0.74 for D, J, & F respectively). The AMDI-AUSMI correlation is particularly
strong after 1979 (r = 0.81, 0.75, 0.86 for D, J, F respectively) where the zonal wind data for AUSMI is
more accurate, and more wind direction observations are available for AMDI. Thus, the AMDI, similarly
to AUSMI, should be representative of the changes in strength and dynamics of the ASM (Gallego et
al. 2017), with the advantage that the AMDI extends further back in time. Contrary to Rogers and
Beringer (2017), Gallego et al. (2017) report a steady increase in ASM intensity, represented by an
increasing linear AMDI trend: 0.00, +0.069 (p < 0.01), and +0.096 (p < 0.01) standard deviations per
decade for D, J, & F respectively, since at least 1816. The authors attribute this increasing ASM intensity
as the cause for the increasing summer precipitation trend in northern Australia.
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2.2.3 ITCZ indices
The latitudinal position of the ITCZ can be defined in multiple ways, such as the minimum outgoing
longwave radiation, the maximum cloudiness, the area of maximum precipitation, or by analysing
surface wind convergence (Liu et al. 2020). However, instrumental era reconstructions of the ITCZ
location for the CIP using these methods have shown discrepancies. Tan et al (2019), using the mean
latitudes of maximal July precipitation averaged over the MC region (95-130E), obtained a northward
trending ITCZ location of ~0.4/decade between 1983-2011. Liu et al (2020), on the other hand, report
a significant southward trend of mean annual ITCZ position of -1.2/decade for the period 2000-2018,
constructed via atmospheric reanalysis data (ERA5) over the area 104-162.5E. These discrepancies
may be a function of the data used, differences in the temporal scale, differences in the exact area
analysed, and regional variations such as the South Pacific Convergence Zone (SPCZ). The SPCZ is
analogous to a south branch of a split ITCZ, adding difficulty to locating the exact ITCZ position (Liu et
al. 2020). Ultimately, these discrepancies make it difficult to assess the correlation between the ITCZ
position and the ASM.

2.3

Longer-term climatic trends (the past 1500 years)

The short-term trends and correlations of the ASM presented above (derived from instrumental
records) certainly aid in understanding its relationship with and influence on DJF rainfall variability in
the CIP region. However, the instrumental records are too short to facilitate robust characterisation of
its longer-term variability (Sinha et al. 2014). A deeper understanding of the longer-term variability can
be used to examine the uniqueness of the modern-day trends, such as the reported increase in ASM
intensity along with northern Australian rainfall (Gallego et al. 2017).

2.3.1 High-resolution CIP monsoon reconstructions
High-resolution paleoclimatic conditions reconstructed from proxy sources provide an avenue for preinstrumental assessment of monsoon and ITCZ dynamics, and permit assessment of this variability
against other components of the climate system (Berkelhammer et al 2010). The analysis of stable
isotope values in speleothems has been used extensively to aid in paleo-monsoon reconstructions.
Speleothem 18O values are inversely related to rainfall amount in tropical convective regions, termed
the “amount effect”, and thus pertain to changes in monsoon strength (Tan et al. 2019, Denniston et
al. 2016, Konecky et al. 2019). That is, an increase in monsoon-derived rainfall amount leads to
decreased 18O values, and this effect is dominant in tropical regions where deep vertical convection
is common (Lachniet et al. 2009). Whilst other kinetic fractionation effects exist, they are minimised
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by the relatively consistent environmental conditions in the tropics, such as temperature and relative
humidity (Tan et al. 2019). Additionally, the widespread distribution of speleothems globally, as well
as their ability to be accurately dated using radiometric methods has enabled their valuable application
in the construction of climate history on both local and more regional scales (Baldini et al. 2020).

In particular, the last ~1500 years provides a fantastic opportunity to gain a deeper understanding of
variations in the ASM and ITCZ under variable climatic conditions, as this timeframe has been relatively
well constrained by the scientific community. Three distinct climate intervals have been identified for
this temporal scope, namely the Medieval Climate Anomaly (MCA) (950-1250AD), the Littlie Ice Age
(LIA) (1450-1850AD) and the Current Warm Period (1850-present) (Deng et al 2016), although these
periods are no longer thought to be global and synchronous (apart from the CWP, Neukom et al. 2019).
Nonetheless, these periods provide a good basis for analysing and comparing hydroclimatic variability
over the CIP region.

Evidently, mechanisms behind monsoon hydroclimate variability in the CIP over the Common Era (CE)
are not well understood, and a number of hypotheses have been put forward to explain monsoonderived rainfall reconstructions from speleothems (Wang et al. 2019). Table 1 below summarises
studies using high-resolution speleothem proxy reconstructions from the CIP region to infer monsoon
and ITCZ variability over the last ~1500 years.

Study
Tham Doun Mai
Cave (TDM)
(NH)
Asian Monsoon

Data
δ18O, δ13C
~2-4-year
resolution

MCA (950-1250 CE)
No clear evidence for significant
hydroclimatic shift

LIA (1450-1850 CE)

CWP (1850-present)

Hypotheses

Data does not adequately cover this period

18O exhibits positive correlations with solar
forcing records, whereas δ13C shows no
relationship → internal variability likely
played a more important role in driving
multidecadal to centennial-scale precipitation
variability in Mainland South East Asia

increasing δ13C and δ18O trend, more positive
grayscale values → Overall shift towards dry
conditions after 1300CE on a multi-centennial
scale

Data does not adequately cover this period

ISM the dominant control on precipitation
variability in West Mainlad South East Asia,
but PWC may have been the overriding
control on precipitation in sites closest to the
East Asian Summer Monsoon and WNPSM

10
δ18O record suggests decreased Asian

Monsoon intensity. δ13C record indicates
overall drier conditions.

Wang et al. 2019

Covers ~50 BCE –
1880CE

Khao Prae Cave
(NH)

δ18O, δ13C, Mg, Sr,
Grayscale values

850-1150CE → trace element and
grayscale values indicate dry conditions

ISM

Covers 1400 years
(500-1900CE)

1150-1300CE → relatively low δ13C
and high δ18O indicate wet conditions
at cave, but dry conditions in upstream
regions

18O

950-1150 & 1200-1300 → decreased
rainfall (higher δ18O values)→
Southward mean ITCZ and enhanced El
Nino

Increased rainfall (lower δ18O values) → La
Nina like conditions

decreased rainfall (more negative δ18O
values) → Southward mean ITCZ and
enhanced El Nino

Southward mean ITCZ position during the
early MWP and the CWP → concurrent with
enhanced El Nino conditions

910-1510AD (MCA into LIA) →
dramatic increases in δ13C with only
slight increases in Mg/Ca and Sr/Ca
→new process control →
anthropogenic deforestation (no
rainfall reduction detected in 18O)

1510-1660AD → potential forest reconquest
indicated by lower 13C values

Data does not adequately cover this period

δ18O → mainly interpreted in terms of
changes in amount of regional rainfall →
suggests relatively stable climatic conditions
in the Indo-Pacific region over late Holocene

Higher PC1 values from ~1000-1300CE
→ dry period during MCA → Drier MCA
with weaker PWC and poleward
expansion of the ITCZ migration

Generally lower PC1 values in LIA →
increased rainfall →LIA with stronger PWC
and latitudinal contraction of the ITCZ
migration

Chawchai et al.
2020
Klang Cave
(NH)
ISM

Covers last
2,700yrs

Tan et al. 2019
Bribin Cave
(SH)

18O, 13C, Mg/Ca,
Sr/Ca

AISM

~annual resolution

Hartmann et al.
2013

Covers last 4000
years

Liang Luar Cave
(SH)

18O, 13C, Mg/Ca,
Sr/Ca

AISM
Griffiths et al. 2016

KNI-51
(SH)
AISM
Dennsiton et al.
2016

Covers last 2000
years

18O
~4-year resolution
Covers last 3000
years

No conclusions about climate made apart
from deforestation.
Generally Increased PC1 values over CWP
→ decreased rainfall over the 20th Century

Liang Luar record in-phase with South China
sea records → zonal (i.e. PWC variability)
shifts inducing monsoon variations rather
than ITCZ migrations
LIA global cooling amplified by PWC →
occurred in parallel with latitudinal
contraction of ITCZ. Weaker PWC in MCA.

Generally higher TRBWI values →
dryer/weakened monsoon conditions
→ tropical rain belt contraction
spanning 900-1200

Generally higher TRBWI values →
dryer/weakened monsoon conditions →
Contraction began in 1400 and lasted until
sometime between 1640-1750 (Gap in KNI-51
data)

Generally lower TRBWI values from ~1800
onwards → wetter/stronger monsoon
conditions → rapid transition from
expanded to slightly contracted tropical
rain belt conditions around the mid 1900s

KNI-51 record in-phase with Chinese
monsoon records → indicates expansion and
contraction of the indo-pacific tropical rain
belt → El Nino Southern Oscillation-Pacific
Decadal Oscillation dynamics likely involved

Table 1 High-resolution speleothem proxy studies (ordered via latitude) reconstructing monsoon variability for the CIP region over the last ~1500 years. Results for each paper were categorised
into the three climate anomalies recognised in the past 1500 years, namely the MCA, LIA and CWP (Deng et al. 2016 definitions). Explanations for the monsoon variability recorded in the
reconstructions were also summarised in the ‘Hypotheses’ column. Orange cells refer to a relatively dry period, whilst blue cells refer to a relatively wet period categorised by the authors. Note
that AISM = Australian-Indonesian Summer Monsoon, SH = Southern Hemisphere, PWC = Pacific Walker Circulation, TRBWI = Tropical Rain Belt Width Index, and PC1 = Principal Component 1:
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Figure 3 below represents the 18O time series in latitudinal order (northernmost at the top) for the
speleothems located in the CIP region, mirroring Table 1 above.

Figure 3: High-resolution speleothem-derived 18O time series for the CIP region, ordered via latitude. Yellow ribbons
indicate the MCA interval (950-1250 CE), whilst blue and orange represent the LIA (1450-1850 CE) and CWP (1850present) respectively. The timing of these intervals was defined using Deng et al. 2016. Data for Khao Prae Cave
(Chawchai et al. 2020) was unable to be located on NOAA or via the supplementary information in the paper. Data for
Bukit Assam (BA), Gunung Buda (GB1), Tangga, Gempa Bumi (GB2) and Chillagoe caves were added to this plot though
not included in Table 1. Note that the flat line in Entity ID 335 (KNI-51) between 970-1208 CE represents a gap in the
data. An additional alteration to the KNI-51 series performed in this plot is described in Appendix 1. Klang Cave data
was obtained from the National Oceanic and Atmospheric Administration (NOAA). The remaining time series data were
obtained from the SISAL database V2 (Comas-Bru et al. 2020).
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Data for Bukit Assam (BA), Gunung Buda (GB1), Tangga, Gempa Bumi (GB2) and Chillagoe caves are
presented in Figure 3 but have not been discussed in Table 1. This is due to the majority of these studies
analysing CIP hydroclimate on a much longer temporal scale, and thus late Holocene variance was not
studied in enough detail to allow categorisation of the climate anomalies present in the last ~1500
years. For example, the GB2 record (Krause et al. 2019) covers the last ~40,000 years with merely a
50-year resolution, and only mentions a stable Holocene epoch as a whole. The Chillagoe Cave record,
on the other hand, was not discussed as it has only been used to assess tropical cyclone activity (Haig
et al. 2014), as well as analysing global-scale ITCZ migration through stacking with 24 other NH and
Southern Hemisphere (SH) paleo-hydroclimate records (Lechlietner et al. 2017), rather than
assessment of CIP monsoon-derived hydroclimate changes. Additionally, a lack of 18O data and
analysis covering the CWP is a prevalent feature of CIP reconstructions, particularly for the northern
CIP. This is especially important for relating the historical century-millennial scale changes that have
been recorded by the proxies to changes observed in the present day.

A predominant feature of Table 1 is the discrepancies in hypotheses regarding the precise drivers of
CIP monsoon hydroclimatic variability over the past ~1500 years. The majority of these studies relate
the recorded changes in monsoon rainfall to latitudinal ITCZ changes alone. However, contentions exist
between the precise latitudinal mechanism of this ITCZ variation, specifically between cohesive
latitudinal shifts in the ITCZ versus expansion and contraction of the Tropical Rain Belt (TRB), where
the TRB is defined by the seasonal north-south migration of the ITCZ. These mechanisms have been
evidenced by anti-phased vs in-phase 18O records from across the hemispheres respectively. CIP
rainfall variability is also closely linked to zonal movements of the Pacific Walker Circulation (PWC),
which is related to the El Nino Southern Oscillation (ENSO) system. Under El Nino (La Nina) conditions,
the ascending branch of the PWC moves eastward (westward), and increased descent (ascent) is
distributed over the CIP, which supresses (enhances) monsoon rainfall. The ENSO influence on rainfall
variations in the CIP is synchronous for both hemispheres, allowing ITCZ meridional mechanisms to be
discerned from the anti-phased or in-phase interhemispheric 18O records (Tan et al. 2019). However,
contentions on the relative importance of these zonal mechanisms on monsoon rainfall variability also
exists between the studies.

Beginning with the southern CIP region, the Liang Luar Cave (Flores, Indonesia) (Griffiths et al. 2016)
and KNI-51 Cave (Western Australia) (Denniston et al. 2016) records currently offer the most
characterised, high-resolution look of Australian-Indonesian Summer Monsoon (AISM) rainfall over the
past ~1500 years. Both studies suggest that the AISM has weakened in the MCA, but discrepancies
between their interpretations of the LIA and CWP exist. Griffiths et al. (2016) pose a wetter/ more
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intense AISM in the LIA, whilst Denniston et al. (2016) infer a drier/ weaker AISM. Regarding the CWP,
Griffiths et al. (2016) infer decreased AISM rainfall over the 20th Century, whilst Denniston et al. (2016)
report wetter conditions. Both studies observed in-phase relationships between their proxy record
and different records from the NH, which indicates expansion and contraction of the TRB rather than
cohesive latitudinal shifts of the ITCZ. Denniston et al. (2016) pose that zonal (ENSO-Pacific Decadal
Oscillation) dynamics are likely involved in modulating the Indo-pacific TRB expansion and contraction
over the late Holocene, whilst Griffiths et al. (2016) state that zonal PWC intensity shifts occur in
parallel with latitudinal contraction and expansion of the ITCZ.

Moving to the northern CIP region, contentions exist between both the hydroclimatic state and the
precise drivers responsible over the past ~1500 years. For example, from Klang Cave (southern
Thailand), Tan et al. (2019) infer a relatively wet LIA, and a drier MCA and CWP for the ISM region.
Conversely to the studies from the southern CIP, however, they pose cohesive latitudinal movements
of the ITCZ as the mechanism responsible for the observed results, due to an in-phase relationship
between their record and the Liang Luar Principal Component (PC) time series (Griffiths et al. 2016).
On the other hand, from Khao Prae Cave (western Thailand), Chawchai et al. (2020) infer relatively dry
conditions in both the MCA and LIA. The authors explain that ITCZ expansion and contraction, such as
posed by Denniston et al. 2016, cannot explain the east to west anti-phasing in Mainland South East
Asian monsoon records, posing instead zonal PWC as the primary influence on hydroclimate variability
in the East, and the ISM in the West.

Ultimately, the contentions between these studies highlight that the mechanisms behind historical CIP
hydroclimate variability are far from resolved. Evidently, there is a clear need for better confinement
of both long-term hydroclimate variability induced by the ASM over the past 1500 years, and the
influences behind the ASM variations. The current limited understanding stems from a lack of
accurately dated and temporally high-resolution monsoon-rainfall reconstructions from the CIP and
ASM region (Denniston et al. 2016, Tan et al. 2019). Notably, not one record displayed in Figure 4
presents a seasonally resolved reconstruction of CIP rainfall variability, which is conducive for a better
understanding of the relationship to variations in ITCZ dynamics, which change on a seasonal basis.
Most importantly, these studies have failed to properly consider changes in other dynamical
components of the ITCZ, such as its width and strength.
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2.3.2 Additional proxy sources
Whilst tropical speleothems clearly provide a useful connection to monsoon and ITCZ variation, other
proxy sources have also been employed to aid in understanding this variability. However, the issue
with these other proxies, such as coral records or deep-sea sediments, is that they generally only
provide information on a fragmentary, low-resolution or low-temporal scale (Griffiths et al. 2009). For
example, Lough et al. (2011) reconstructed summer (DJF) northeast Queensland (Australia)
precipitation based on luminescence intensity from Great Barrier Reef corals, the longest of which
covers 1685-1981. River flows in this region are particularly sensitive to changes in ENSO, but rainfall
is also influenced by the ASM and ITCZ, and thus the corals can give insights into their variability. No
significant linear trend toward either drier or wetter conditions from the 17 th to the 20th centuries was
observed, but an extended period from ~1760s to ~1850s was characterised by lower and less variable
summer rainfall. Importantly, northeast QLD rainfall is also known to be modulated by tropical
cyclones and southeast trade winds (OOCC, 2017), making it more difficult to discern changes in ASM
and ITCZ dynamics from corals located in this region. Ishiwa et al. (2019), using a Miocene to Holocene
sedimentary sequence from offshore North West Australia, linked variability in terrigenous riverine
input to ASM-derived precipitation changes, as a function of ITCZ migrations. Whilst this record spans
the last ~14,000 years, the temporal resolution appears to be quite low (~125 years), and thus specific
conclusions on ASM and ITCZ variability in the last 2 millennia are absent. One dataset that may serve
as an interesting comparison with CIP speleothems is the Reconstructed Asian summer Precipitation
(RAP) dataset (Shi et al. 2018, 2019) generated by combining 453 tree-ring width chronologies and 71
historical documentary records. This gridded dataset is a reconstruction of boreal summer (June-JulyAugust, ‘JJA’) precipitation (1470-2013), at a 2 by 2 spatial resolution, over the region 8.75S-55.25N
and 61.25-143.25E. Whilst the dataset does not indicate ASM rainfall variability over the northern
part of Australia, it may link variations in the ASM to larger-scale monsoon variability.

2.3.3 Knowledge gaps in modern and paleo-ITCZ and ASM studies
Ultimately, recent trends in the ASM are quantified via the multiple available indices. This facilitates
an analysis of Australian monsoon season rainfall with ASM intensity. On the contrary, there currently
appears to be no set of indices in the literature that describe modern ITCZ variations in latitudinal
position, as well as width and intensity for the CIP region. This limits our ability to understand the
relationship between these climatic phenomena, and their influence on monsoon-season rainfall over
the northern Australia region. Additionally, it is clear that the framework for variations in ITCZ
dynamics other than the latitudinal position (i.e. the strength and width) are much more limited.
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Correspondingly, paleo-monsoon studies have not properly considered these additional dynamics
when inferring the causes of recorded CIP monsoon rainfall changes, and hence their historical
variations remain less constrained.

2.4

Speleothem trace elements

2.4.1 Why are they used in monsoon studies?
Speleothems provide the opportunity to analyse paleo-monsoon conditions at high resolutions due to
the close correlation between variations in the climatic hydrological regime and speleothem
geochemistry (Stoll et al 2012). Traditionally, speleothem hydroclimate reconstruction and analysis
has employed the use of fluctuating 18O values to indicate historical monsoon variation due to an
‘amount effect’ (Tan et al. 2019, Denniston et al. 2016, Konecky et al. 2019). Correspondingly, the
majority of speleothem-derived records consist primarily of 18O time series.

However, recent advances in the geochemical analyses of stalagmites, particularly the study of trace
element concentrations through time, have emerged as an additional method to analyse hydroclimatic
change, producing particularly accurate and high-resolution (annual or higher) paleoclimate
reconstructions (Ban et al. 2018). These trace elements are often analysed as a ratio to the internal
speleothem Ca concentration (i.e. ‘trace element ratios’, henceforth ‘TE/Ca ratios’), since Ca is a
dominant component of the speleothem calcium carbonate (CaCO3) structure. This is a simple method
to account for stalagmite matrix effects, such as changes in density (Vansteenburge et al. 2020).

The value of trace elements as an analytical proxy can be summarised in four key points:

i)

Advancements in geochemical technologies, particularly Laser Ablation-Inductively
Coupled Plasma Mass Spectrometry (LA-ICPMS), allow high-resolution analysis of trace
elements (Ban et al. 2018).

ii)

The seasonal cycling in TE/Ca ratios have been shown to correspond to changes in the
hydrological regime, thus allowing their analysis to infer changes in seasonal monsoon
dynamics (Ban et al. 2018)

iii)

Exploitation of seasonal TE/Ca ratio variability can be used for chronology building,
providing an increased accuracy of ages and reducing accumulated counting errors when
anchored with high-precision radiometric dates, particularly where a stalagmite may lack
visible annual laminae (Baldini et al. 2021, Ban et al. 2018). Historical growth rate

17
variability can also be calculated by analysing the distances between the peak trace
element concentrations (Ban et al. 2018)
iv)

Combining the various TE/Ca ratios (which can trace numerous mechanistic karst and
surface processes) with oxygen isotopes allows mixed hydrological and climatic signals to
be better disentangled (Baldini et al. 2021)

Despite the clear benefits of speleothem trace element analysis, this field of study continues to evolve,
with many uncertainties still prevalent. Thus, additional research and climatic reconstruction utilising
this developing area only continues to add to the bank of speleothem geochemical knowledge, of
which this thesis hopes to contribute.

2.4.2 Trace element sources and pathways
The trace elements found in the speleothem calcium carbonate material may arise from a variety of
sources, however, they are predominantly derived from two zones; the karst material, and the soil
overlying this karst rock.

2.4.2.1 The karst
As rainwater dissolves soil CO2 and infiltrates the karst network, the calcium carbonate is dissolved,
and the karst-water solution consequently attains trace elements such as Ca, Mg, Sr and Ba, as well as
other cations and anions that may be present in the rock. These alkaline earth metals (Mg, Sr and Ba)
are the most abundant trace elements that substitute into the stalagmite calcite, and consequently
are the most readily analysed (Stoll et al. 2012). Typically, bedrock-derived metals show positive
correlations in speleothem calcite, since their variability is influenced by the same processes
(Wassenburg et al. 2020). For example, Ronay et al. (2019) inferred that a positive correlation between
U/Ca and Mg/Ca (r = 0.54) indicated karst rock origins for these elements, since, in this case, Mg/Ca
was positively correlated with other alkaline earth metals (Sr, Ba), which are bedrock-derived solutes.

2.4.2.2 The overlying soil
The derivation of trace elements from the overlying soil is less well-understood, with a complex origin
that can change over time. Generally, trace elements derived from the soil are a result of vegetation
and litter decomposition via biological activity (Baldini et al. 2020). These trace elements (e.g. Zn, Pb,
Mg, Y) (Wynn et al. 2014, Ban et al. 2018, Faraji et al. 2021) have been found to bind to organic ligands
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in colloids derived from the soil, requiring hydrologically active conditions to transmit the signals to
the stalagmite (Baldini et al. 2020, Fairchild et al. 2014). Since phosphorous is associated with
vegetation decay (and flushes of soil-derived water), positive correlations of P/Ca with other
normalised trace element ratios have been used to indicate potential soil derivation. For example, Ban
et al. (2018) observed a positive correlation between P/Ca and Mg/Ca (r ~ 0.5) in their cave stalagmite,
thus indicating the dominant derivation of Mg from the soil rather than karst dissolution. This also
highlights the ambiguity of understanding trace element sources where a trace element is known to
be derived from both the karst system and overlying soil, such as Mg. This highlights the benefits of
analysing and comparing multiple TE/Ca ratios, so as to help discern its source.

2.4.2.3 Additional trace element sources
Additional sources have also been discovered to contribute to trace element variations in
speleothems, particularly for Mg/Ca and Sr/Ca ratios. Examples include volcanogenic deposits flushed
into the cave system (Jamieson et al. 2015), aeolian-derived deposits (Rutlidge et al. 2014) and cave
aerosol deposition contributions (Dredge et al. 2013). This again highlights the complexities in
interpreting trace element ratios, and the need for an understanding of the sources and underlying
processes controlling their variability (Wassenburg et al. 2020).

2.4.2.4 Pathways
Between the sources and the speleothems, different pathways though the bedrock affect the
behaviour of trace elements (Fairchild et al. 2014, Baldini et al. 2021). Bedrock pathways have
traditionally been categorised into ‘diffuse’, ‘fracture’, and ‘conduit’ flows, and research has shown
that many drips (i.e. the water feeding a stalagmite’s growth) are a combination of more than one of
these categories. Diffuse flow typically refers to very fine intragranular bedrock or fine fracture
permeability, and thus is characterised by slow responses to precipitation events, a large reservoir
capacity, with correspondingly longer water-to-rock contact times (residence times, see Section
2.6.3.1). Fracture permeability refers to larger bedding plane partings and joints that may be a result
of solution enlargement. These larger voids are consequently characterised by an intermediate to
rapid response to hydrological events, with low to moderate storage capacity, and relatively shorter
residence times. Finally, conduit permeability refers to larger pipe-like openings over a cm in diameter,
providing a rapid response to precipitation events, a rapid return to baseline flow and again shorter
residence times (Baldini et al. 2021).
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2.4.3 Seasonal trace element cycling
TE/Ca ratios display seasonal cyclicity as a function of various influences, such as biological productivity
and cave ventilation (Baldini et al. 2021). However, in monsoonal climates, these ratios generally cycle
corresponding to changes in the hydrological regime (Ban et al. 2018). Analysis on this seasonal scale
allows us to discern the timing of wet and dry seasons, as well as the degree of seasonal rainfall
changes experienced, thus proving exceptionally useful in the study of monsoon and ITCZ dynamics.

Whilst this seasonal trace element cyclicity can be traced back to rainfall in monsoonal climates, two
primary mechanisms within the karst network control this variability. These processes are not
mutually exclusive.

2.4.3.1 Karst-water mixing and residence times
The first mechanism controlling hydrologically forced seasonal trace element cyclicity is a simple
process, whereby TE/Ca ratios vary as a function of residence times and mixing of the water within the
karst material (i.e. karst-water). Here, karst-water refers to the water flowing through the karst
network, which eventually leads to a drip that feeds a stalagmite’s growth. Residence time refers to
the time of karst-water contact with the karst rock, whilst mixing refers to the mixing of karst-waters
with different residence times. The residence time of the water, and the extent to which it is mixed, is
controlled both by meteoric precipitation and the characteristics of the bedrock network.

Longer water-to-rock contact times allow a larger degree of dissolution of the CaCO3 material within
the karst network, which can consequently cause enrichment of trace element ratios. Generally
speaking, this may occur under drier climatic conditions, where an absence of rainfall minimises the
forcing of karst-waters through the porous karst network (Wassenburg et al 2020). Conversely, shorter
water-to-rock contact times (i.e. under wetter climatic conditions) allows less dissolution of the CaCO3
material, and thus may result in lower trace element ratios (Stoll et al. 2012, Ban et al. 2018).
Therefore, we can see how cyclic variations in the water residence times, influenced by seasonal
changes in monsoon-derived rainfall, can cause seasonal cyclicity of trace element ratios for a
tropically situated speleothem.

However, residence times, as well as karst-water mixing, are also influenced by the flow-path leading
to the stalagmite, independent of the rainfall magnitude (Fairchild et al. 2014, Baldini et al. 2021).
Whilst the bedrock pathways do not change on a seasonal scale, they may either facilitate or attenuate
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the seasonal trace element cyclicity caused by hydrologically induced variable-residence times. For
example, diffuse flow networks promote long residence times and thorough karst-water mixing within
the karst network. This karst-water mixing effectively mutes the seasonal hydrological signal by mixing
karst-waters (and thus the respective trace element concentrations) that have longer residence times
(i.e. the reservoir dry season flow) with the shorter residence times (i.e. the wet season flow). This is
obviously an undesired characteristic when it comes to analysing seasonal monsoon-derived rainfall
variability. A drip fed by a pure fracture flow network, conversely, would permit considerable
variability of trace elements on a seasonal scale (i.e. no karst-water mixing), yet may experience
occasional under saturation of calcite/aragonite in the karst-water, or even drip water drying, resulting
in ‘crypto-hiatuses’ in the stalagmite (Baldini et al. 2021, Railsback et al. 2018). These hiatuses in
stalagmite growth are often too brief to leave a petrographic expression for chronological models and
are devoid of climatic information for that particular time period, again providing complications for
paleo-hydrologic reconstructions (Baldini et al. 2021). Thus, a drip fed by a moderately diffuse flow
network is the optimal karst network for imparting hydrologically-influenced trace element seasonality
on to a stalagmite. This is because these networks are generally responsive to monthly-scale shifts in
rainfall, but do not have a substantial fracture component which would facilitate event-scale and
possibly undersaturated water delivery (Baldini et al. 2021).

The length of these bedrock pathways, or the depth of the stalagmite below the ground surface, has
also been linked to the ability to retain seasonal hydrologically-forced trace element variation. Ban et
al. (2018) found that their stalagmite, situated ~60m below the surface, had a sufficient hydrological
connectivity to retain seasonal variability in trace element ratios, whereas deeper sites, such as Corchia
Cave in central Italy (Spotl et al. 2005), lose the ability to retain sufficient seasonal information due to
lengthy residence times.

2.4.3.2 Prior Calcite Precipitation (PCP) and distribution coefficients
The second mechanism that controls seasonal hydrologically-forced trace element cyclicity, known as
prior calcite precipitation (PCP), is much more complex. PCP is defined as the precipitation of calcite in
the karst aquifer, or on a stalactite, before the karst-water reaches the stalagmite surface (Wassenburg
et al 2020). This process occurs when the water flowing through the karst network comes into contact
with void spaces containing lower CO2 partial pressure (pCO2) than the karst-water itself. This causes
CO2 degassing of the karst-water and consequential calcite precipitation before reaching the
stalagmite peak (Sherwin and Baldini 2011), as governed by the equilibrium equation:
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−
Ca2+
(aq) + 2HCO3(aq) ↔ CaCO3 + CO2(gas) + H2 O.

(1)

Note that this equation also describes precipitation of CaCO3 on the stalagmite. Trace element
concentrations in the stalagmite vary under the influence of PCP, depending on the mineralogy of the
calcium carbonate precipitating prior to arrival at the stalagmite. This is because certain trace elements
will be incorporated into the precipitating calcium carbonate mineral, and therefore their
concentration in the karst-water (relative to Ca) is reduced, whilst other trace elements will not be
incorporated, and thus their concentration in the karst-water increases (as Ca is removed). The degree
of a trace element’s incorporation into the precipitating CaCO3 can be described by the numerical
‘distribution coefficient’ concept:

DTE =

{TE/Ca}Solid
,
{TE/Ca}Solution

(2)

where (TE/Ca)solid is the trace element to calcium ratio of the precipitate, and (TE/Ca)Solution is the trace
element to calcium ratio of the drip water. Again, the concept of the distribution coefficient also
applies for precipitation on the stalagmite.

For example, if calcite mineral is precipitating, the concentration of trace elements Mg, U, Sr and Ba
increase in the karst-water (relative to the Ca concentration), due to having a DTE < 1 for calcite (Ronay
et al. 2019, Stoll et al. 2012, Wassenburg et al. 2020). Therefore, positive correlations between
seasonally varying Mg/Ca, Sr/Ca, Ba/Ca and U/Ca in the stalagmite are likely influenced by seasonal
variations in the extent of PCP.

On the other hand, if aragonite mineral is precipitating (otherwise known as Prior Aragonite
Precipitation, PAP), karst-water Mg/Ca will increase, whilst U/Ca, Sr/Ca ratios will decrease (Ronay et
al. 2019). This is due to a DMg < 1 in aragonite, whilst U and Sr have DTE > 1. The response of Ba/Ca
concentrations to PAP has proved difficult to constrain but results from Mawmluh cave speleothems
suggest that the DBa may be < 1 in aragonite due to anticorrelations with U/Ca in a period of known
PAP (Ronay et al. 2019). The precipitation of aragonite is thought to occur when a suite of factors,
including high Mg/Ca fluid ratios and slow drip rates, act together (Riechelmann et al. 2014).

The degree of trace element variation under the influence of PCP (and precipitating on the stalagmite)
may vary seasonally, as distribution coefficients alter with seasonally varying parameters such as
temperature and stalagmite growth rate. For example, DMg increases with increasing cave temperature
(Stoll et al. 2012, Wassenburg et al. 2020, Ronay et al. 2019). Furthermore, D Sr may be dependent on
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high precipitation rates in the stalagmite (Baker et al. 2014, Stoll et al. 2012). At low growth rates (4108 m/yr, Wassenburg et al. 2020), Sr is susceptible to competition with other species, such as Mg,
Na and the incorporation of organic macromolecules, for incorporation into the calcite lattice. At
higher growth rates, Sr occupies interstitial and defect lattice sites, of which the abundance increases
with increasing vertical stalagmite extension (Baker et al. 2014). DBa may also be dependent on growth
rate (Stoll et al. 2012). Further, DSr has positive linear correlation with calcite Mg/Ca, whereby, as the
speleothem Mg/Ca increases, the rate of incorporation of Sr also increases. This is likely due to the
deformation of the calcite crystal lattice from incorporation of the small Mg cation, allowing more
space for larger cations such as Sr to be incorporated (Mucci and Morse 1983, Wassenburg et al. 2020).

Importantly, the extent of PCP occurring in the karst network varies seasonally, and thus TE/Ca ratios
in the stalagmite also vary seasonally. This seasonal PCP variation is a function of numerous variables,
but the following paragraphs aim to display that for a tropically situated speleothem, this seasonal
variation is cause by hydrological changes, resulting in a higher extent of PCP in the dry season.

The extent of PCP is controlled by the rate of calcite precipitation, as well as the drip interval (i.e. the
time between successive drips feeding the stalagmites growth). Beginning with the rate of calcite
precipitation, it is expressed as:

Rate(mmol cm−2 s−1 ) = (Ci − Capp ) ∗ α
Capp (mol L−1 ) = (10b0 +b1 T ∗ 0.25pCO2 )

0.33

α (cm s−1 ) = (0.52 + 0.04T + 0.004T 2 ) ∗ 10−5 ,

(3𝑎)
(3𝑏)
(3𝑐)

where Ci is the Ca concentration of the drip-water (mol L-1), Capp is the apparent equilibrium Ca
concentration (mol L-1), α is the CaCO3 precipitation rate constant (cm s−1 ), T is the temperature (°C)
(Stoll et al. 2012), and b0 & b1 are standard temperature-dependent carbonic acid dissociation
constants (b1<0, which can be determined from the temperature dependence of the total equilibrium
constant for a freshwater carbonate system).

Particularly notable in these equations is the combined effect of temperature on the rate of calcite
precipitation: Higher cave/void temperatures invoke a lower Capp value in equation 3b, and a higher 
value in equation 3c, both of which lead to lead to a larger rate of calcite precipitation in equation 3a.
It is therefore possible that seasonality in cave/void temperature could affect seasonal PCP variability,
and ultimately trace element cyclicity. However, monsoon regions are primarily located in the tropics
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and subtropics, where temperature fluctuations are relatively small (Ronay et al. 2019). Furthermore,
ambient seasonal changes in climate are muted in cave interiors, which are typically isothermal
(Fairchild et al. 2014). Thus, relatively constant cave temperatures, as experienced in the tropics, would
invoke a relatively consistent influence on the extent of PCP, and is therefore unlikely to influence
seasonal trace element cyclicity (Stoll et al. 2012)

Additionally, higher initial drip water saturation state, referring to a higher initial Ca concentration (i.e.
Ci in equation 3a), as a function of increased karst dissolution, leads to a higher extent of PCP, as can
be ascertained from equation 3a. As a consequence, Stoll et al. (2012) observed elevated Mg/Ca, Sr/Ca
and Ba/Ca in both drip water and stalagmites. Despite the higher degree of PCP observed, the higher
initial drip water saturation state was found to result in a higher concentration of Ca reaching, and
subsequently precipitating, on the tip of the stalagmite. Correspondingly, this resulted in higher
stalagmite growth rates and consequently higher DSr and DBa. Ultimately, this meant that the increases
of Sr/Ca and Ba/Ca were substantial relative to Mg/Ca, which has not been observed to have a kinetic
dependency on incorporation rate (Stoll et al. 2012). Whilst the degree of karst dissolution is known
to vary as a function of numerous parameters (such as common ion effects, the oxidation of sulphides
etc, Baker et al. 2016), soil CO2 concentration and supply are often referred to as the dominant
controls. This soil CO2 (when dissolved in the infiltrating water) represents the major hydronium ion
supply for consumption in weathering reactions (Romero-Mujalli et al. 2019). The production of CO2
in soil depends mostly on microbial activity and root respiration, which are in turn dependent on soil
temperature and water content. Increases in soil volumetric water content permit higher growth rates
of plants and biological activity in the soil. Similarly, increased temperatures also influence a higher
degree of biological activity, and thus higher production of CO 2 (Romero-Mujalli et al. 2019). As
aforementioned, tropical climates experience relatively constant annual mean temperatures, but
meteoric precipitation varies significantly on a seasonal basis. This may induce higher wet season soil
CO2 production, a higher degree of karst dissolution (and thus initial Ca concentration). This would
ultimately influence a higher degree of PCP in the dry season, where the reservoir supply now has a
higher Ca concentration, and the cave void spaces have dried of the wet season water. However, heavy
precipitation events have been observed to dramatically decrease the [Ca 2+] in infiltrating waters, a
process referred to as dilution (Sherwin and Baldini 2011). Whilst the study site (Crag Cave, Ireland) is
not situated in the tropics, it highlights the potential for wet season decreases in initial Ca
concentration.

The cave pCO2 also influences the extent of PCP. Higher cave CO2 concentrations result in a higher
apparent equilibrium Ca concentration (equation 3b), ultimately resulting in a lower initial saturation
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state and rate of calcite precipitation (equation 3a). The lower initial saturation state again results in
lower stalagmite growth rates, and correspondingly the incorporation of Sr and Ba will be lower, thus
leading to lower Sr/Ca and Ba/Ca relative to Mg/Ca. Furthermore, the decreased extent of PCP will
result in lower drip water Mg/Ca, Sr/Ca, U/Ca and Ba/Ca. Since very few caves are airtight systems,
cave ventilation is often a fundamental control on the seasonal cycling of CO 2 concentrations. This
ventilation is commonly a result of density differences between the internal cave air and the external
air, which is ultimately a function of differences in temperature, pressure, relative humidity and gas
compositions. These density differences can either cause stratification of the cave and surface air, mix
cave and surface air together, or force the less dense air out of a cave through either primary or
secondary exits, or fracture systems (James et al. 2015). In the case of tropical settings, James et al.
(2015) showed that cave ventilation occurs on a daily scale, with cave air being flushed out with
external air (~390 ppm CO2) when this external air is at a higher density, due to a lack of seasonal
surface temperature variability. In the tropics, perennial cave ventilation (on a daily timescale)
ultimately prevents air stagnation and the seasonal accumulation of CO2 (James et al. 2015). However,
this model does not consider seasonal variations in CO2 inputs to the cave, and the current literature
lacks analysis on how variations in CO2 inputs influences the cave pCO2. Nonetheless, a potential
positive feedback between cave air CO2 and the air density (Sánchez-Cañete et al. 2013) may limit the
diurnal ventilation regime and cause an accumulation of CO2. If seasonal CO2 inputs lead to variable
cave pCO2 levels, we may therefore see fluctuations in the extent of PCP. However, if we assume that
the majority of CO2 is delivered to the cave system in periods of high carbonate dissolution (James et
al. 2015, i.e. the wet season), we would see increased PCP occurring in the dry season, controlled by
hydrological variability.

Finally, increases in the drip interval (i.e. in the dry season) present a larger opportunity for drip-water
to degas, ultimately leading to an increased extent of PCP (Stoll et al. 2012). This larger degree of PCP
also decreases the saturation state of the drip water, thus reducing stalagmite growth rates (Stoll et
al. 2012). Consequently, DSr and DBa are reduced, and their respective increases in the stalagmite calcite
were less than that of Mg.

2.5

Overall thesis aims

In light of the knowledge gaps highlighted by this literature review, two main aims for this thesis
become clear. The first is to investigate the instrumental-period variations in CIP ITCZ dynamics,
including latitudinal position, width and intensity. Such an investigation would serve to better
understand their relationship with the ASM, and their influence on monsoon season rainfall. The
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second aim of this thesis is to understand ITCZ and ASM variations beyond the bounds of the
instrumental period. Such an objective requires the use of a proxy record to reconstruct historical
monsoon season rainfall from the ASM region. Thus, the environmental controls on trace element
ratios from a northern Australian speleothem will be investigated, with the ultimate goal of identifying
and utilising hydrologically controlled trace element variance to reconstruct regional paleo-rainfall
seasonality. Since the geochemical analyses of speleothems are continuing to evolve, this trace
element investigation further aims to increase our understanding in this field.
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3. Methods
3.1

Site description

The stalagmite (EC3) presented in this study comes from the 423-hectare Kintore Caves Conservation
Reserve (KCCR, 14.4135° S, 132.1622° E), located 12km NW of Katherine in Australia’s Northern
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Territory (PWCNT 2000) (Fig. 4). This stalagmite was sampled from within Echidna Cave (Fig. 5)
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Figure 4: A map showing the location of Kintore Caves Conservation Reserve (KCCR, red) and Katherine in
Australia’s Northern Territory. The Katherine Rainfall time series used for analysis in this study was extracted
from CRU TS v4 (Harris et al. 2020) using the Katherine Council Station coordinates (14.46S, 132.26E, orange).
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20 m

Figure 5: A Schematic of Echidna Cave, showing the location of EC3 and the cave climatological conditions. Cave
surveyed and mapped by the Top End Speleological Society (redrawn here with annotations).

KCCR is well situated to record variations in the ASM, as high correlations between DJF rainfall and
ASM indices have been observed for the area (Fig. 2b). Furthermore, it is also well positioned to record
changes in the ITCZ, of which the centre sits at ~6S, and the southern edge sits at ~16S, in the austral
summer (see Section 5.2). Average monthly precipitation and temperature variations (1948-2020) for
the Katherine region were calculated using gridded rainfall data from CRU TS v4 (Harris et al. 2020),
with the values extracted from the Katherine Council Station coordinates: 14.46S, 132.26E (Fig. 4).
This site is in the list of the Bureau of Meteorology’s high-quality rainfall data (Lavery et al. 1996),
meaning that nearby gridded data should also be of high quality.
Average annual precipitation for the region over the analysed period is ~1077 mm with 94.9% of this
rainfall occurring in the wet season (November – April) and 64.7% occurring in the monsoon season
(December – February) (Fig. 6). Rainfall for the Katherine region (and generally northern Australia)
exhibits large variability on an interannual scale (Jackson 1998, Sharmilla and Hendon 2020), indicated
by the 95th percentile precipitation values (Fig. 6). An excess of monthly average water balance
(calculated as the precipitation minus the potential evapotranspiration) is apparent for most of the
wet season, with values above zero from early November to late March (Fig. 6). Average surface
temperatures for Katherine range between a maximum of ~30.5C in November and a minimum of
~21.5C in July (Fig. 6).
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Figure 6: Average monthly precipitation (mm), excess water balance (mm) and surface temperature values ( C)
between 1948-2020 extracted from CRU TS v4 (Harris et al. 2020) using the Katherine Council Station coordinates
(14.46S, 132.26E). Water balance was calculated as the average monthly precipitation minus the average
monthly potential evapotranspiration (the latter is available in CRU TS v4). The 95th percentile of the average
monthly precipitation is displayed as the blue dashed line.

Tropical karst and cave systems such as those within KCCR are of limited extent in Australia, and
therefore this speleothem provides a unique opportunity to add to the relatively few well-resolved
stalagmite records for the southern margins of the ITCZ migratory bounds, as well as the SH in general
(Denniston et al. 2016). Furthermore, KCCR is closed to public access, thus offering a relatively
undisturbed karst network for scientific research. The park has low relief, and overlies the Tindall
Limestone geological sequence, which formed on the eastern rim of the Daly Basin. The Daly River
Group also consists of the Oolloo Dolostone and Jinduckin Formation (PWCNT 2000). The Tindall
Limestone is the oldest unit recognised in the Basin, forming in the middle Cambrian (~500Ma), and
consists of “grey mottled, oncoid, ribbon and bioclast limestone, with minor intercalated maroongreen siltstone or dark grey mudstone, microbial laminate and stromatolitic boundstone” (Kruse and
Munson 2013). It is also richly fossiliferous. Whilst no published bedrock geochemistry data for the
KCCR is available, previous mining exploration has revealed between 92.3-97% CaCO3, 1.2-10.6%
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MgCO3 and 0.4-1.7% SiO2 contained in the limestone to the northwest of Katherine (Pancontinental
Mining Limited, 1995) and >95% CaCO3, <1% MgCO3 and <3% SiO2 to the south (Kruse and Munson
2013). Persistently excessive MgCO3 concentrations elsewhere in the Daly Basin have reportedly
frustrated limestone mining opportunities since the 1960s, indicating the potential for higher
concentrations than those quantified above (Kruse and Munson 2013). The Daly Basin also has the
potential for carbonate-hosted lead-zinc deposits, evidenced by the discovery of a widespread Zn-Pb
surface anomaly near the western side of the Daly Basin between 1978-1983 (Kruse and Munson
2013).

The caves within KCCR are hydrologically active, and there is clear evidence of flooding, such as highwater marks inside the caves. There is also evidence of sediment influx from neighbouring land into
the caves with relatively minor rainfall events (PWCNT 2000). Stalagmite EC3 has clear sedimentary
laminae (particularly towards the base of the speleothem), which may correspond to flooding in the
region. The majority of KCCR (~60%) is rocky, consisting of limestone ridges and pavement, and thin
soils harbouring scrubby low woodland with deciduous non-eucalyptus trees. Most of the remaining
area consists of low to mid-high open woodland (PWCNT 2000).

3.2

Sample collection and preparation

Speleothem EC3 was collected from Echidna Cave in 2017. The speleothem was found on a collapsed
mudbank ~200 m from the entrance. EC3 measured ~20 cm in diameter at the base, and 12 cm at the
top. Initially, EC3 was cut vertically in half to produce two mirroring faces. From the first half of EC3, a
10 mm thick slab was cut using a diamond wire saw and was subsequently used for U-Th dating
(henceforth named the ‘dating slab’). From the second half of EC3, a 25 mm thick slab was cut to use
for multiple analyses (henceforth named the ‘analysis slab’). The analysis slab was divided into three
separate sections (named EC3A, EC3B Top and EC3B Bottom, Fig. 7) in order to accommodate for
changes in the position and angle of the primary growth axis. Firstly, the 25 mm analysis slab was sliced
vertically in order to separate a lateral change in the growth position, and the two resulting sections
were named EC3A (a ~142 x 55 mm section) and EC3B (a ~436 x 75 mm section). The EC3B section was
then cut diagonally with a band saw to account for a change in angle of the growth axis towards the
top ~177 mm of this section. The top ~177 mm of EC3B was referred to as EC3B Top, and the remainder
as EC3B Bottom. This gives the three EC3 analysis sections (Fig. 7).

Two thin (3-5 mm thick) slices from each of the three EC3 analysis sections were then produced using
a water-lubricated bridge saw with diamond blade, in order to facilitate analysis by Micro-Particle
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Induced X-ray Emission (-PIXE) and potentially LA-ICPMS. These slices were cut perpendicular to the
analysis slab face, in order to fit the sample holder for LA-ICPMS (at the Australian Nuclear Science and
Technology Organisation, ANSTO). Each slice was named according to the section of EC3 it came from;
EC3A-S1 and EC3A-S2 from EC3A, EC3B-S1 and EC3B-S2 from EC3B Top and EC3B-S3 and EC3B-S4 from
EC3B Bottom (Fig. 7). The slices were then cut (or neatly snapped) with the aid of a Dremel tool, into
pieces about 50 mm long (again, to fit sample holders). Each ~50 mm sample was again named
chronologically from its location on the thin slice. For example, EC3A-S2-1 comes from the top
(youngest) part of EC3A-S2, and EC3A-S2-3 comes from the bottom (see Fig. 8). All samples were
thoroughly cleaned in milli-Q water using an ultrasonic bath, and dried in an oven for 24hrs at 30C.

It is important to note that originally it was planned to investigate trace element variation in EC3 via
LA-ICPMS, however, the equipment (at ANSTO) was found to be not functioning correctly. μ-PIXE was
determined to be a suitable alternative method that would facilitate analysis of trace elements in EC3
on a seasonal resolution (see Section 3.4.1).
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Figure 7: A photograph of speleothem EC3 showing the three analysis sections (EC3A, EC3B Top and EC3B Bottom)
from the 25 mm EC3 analysis slab, and the approximate locations of the thin slices cut from each of the sections
(coloured dashed lines). The thin slices were cut perpendicular to the slab face in the image (i.e. perpendicular
cuts to the slab face, either side of each dashed line). Black circles also mark the approximate locations of U-Th
dates taken from the opposite EC3 slab face (the dating slab). Dates for relevant slices (derived from EC3A and
EC3B Top) can be seen in Figure 8. The optical image of EC3 seen here was produced by an ITRAX core scanner.
The millimetre lengths indicate the total length of each side of the slabs.
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3.3

Dating

The absolute ages covered by EC3 were estimated via U-Th dating, with two dates measured from
EC3A and six dates measured from EC3B (Fig. 7). Note that these dates were taken from the EC3 dating
slab, and thus their equivalent positions on the analysis slab are approximate. For the

230Th/234U

chronology, subsamples were drilled along the stalagmite growth axis, and dated at the Isotope
Laboratory in Xi’an Jiaotong University on an Inductively Coupled Plasma Mass Spectrometer (Thermo
Fisher NEPTUNE). The chemical procedures used to separate the Uranium and Thorium for 230Th dating
are similar to those described in Edwards et al. (1987). The instrumental measuring protocols are the
same as explained in Cheng et al. (2013). The ‘bottom’ and ‘top’ dates for EC3A are 1536±10 CE and
1884±9 CE respectively (see Fig. 7). The bottom and top dates for EC3B are 435±7 CE to 1475±7 CE
respectively (see Fig. 7).

Details of only the top 4 dates are given here (Fig. 8 & Table 2), because only these dates are relevant
to the elemental analyses that follow. The location of these dates on the relevant EC3 slices (EC3A-S2
and EC3B-S1, Fig. 8) were placed using a combination of the distance measurements in Table 2, and
(as far as possible) visible laminae matching between the 2 slabs (as mentioned, the U-Th ages were
done on a different slab). Any difference in the relative depth of the dates on Fig. 8 is due to differences
between the ‘analysis’ and ‘dating’ slabs, including at the top of the slab.
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EC3A-S2

EC3B-S1

EC3A-S2-1

51 mm

46 mm

1884±9 CE

EC3B-S1-1

49 mm

EC3A-S2-2

EC3B-S1-2

58 mm

331-359 μm/yr

49 mm

1475±7 CE

EC3B-S1-3

1536±10 CE

60 mm

360-394 μm/yr

EC3A-S2-3
1256±7 CE

Figure 8: Images of relevant EC3 slices (EC3A-S2 & EC3B-S1), from which 3 samples were chosen for μ-PIXE analysis
(EC3A-S2-1, EC3A-S2-2 & EC3B-S1-2). Note the breaks (small cracks) in the slices that denote the position of each ~50
mm sample. Age errors are two standard deviations. Note that the ages are located at the right end of the dashed lines
(i.e. the original analysis slab face). Average growth rates are expressed as a 95% confidence limit, which was estimated
by bootstrapping the two bracketing ages.
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Depth
(mm,
from
respective
top)

238U

232Th

230Th

(ppb)

(ppt)

(atomic x106)

(activity)

EC3A-U1

3

1457.8

±2.9

940

±19

55

±2

0.0022

EC3A-U2

123

720.5

±1.2

413

±8

215

±5

EC3B-U1

49.5

1678.0

±3.9

682

±14

348

±8

EC3B-U2

132

1322.6

±2.1

227

±5

1167

±27

Analysis
ID

/ 232Th

230Th

/ 238U

d234U*

230Th

Age (yr)

d234UInitial**

230Th

(measured)

(uncorrected)

(corrected)

Age (yr
BP)***
(corrected )

230Th

±0.0001

611.8

±2.7

146

±5

612

±3

65.8117

±9

1884.1883

±9

0.0075

±0.0001

658.1

±2.2

493

±7

659

±2

413.5654

±10

1536.4346

±10

0.0086

±0.0001

701.8

±2.9

551

±5

703

±3

474.9720

±7

1475.0280

±7

0.0121

±0.0001

732.2

±2.2

766

±7

734

±2

693.8717

±7

1256.1283

±7

Age (yr
CE)****
(corrected )

Table 2: 230Th dating results covering the range of EC3 analysed by u-PIXE. The error is 2σ error.
Decay constants 238 = 1.55125x10-10 (Jaffey et al., 1971) and 230 = 9.1705x10-6 (Cheng et al., 2013).
* 234U = ([234U/238U]activity – 1) x 1000.
**234Uinitial was calculated based on 230Th age(T), i.e., 234Uinitial = 234Umeasured x e234x T.
Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 4.4 2.2 x10-6. Those are the values for a material at secular equilibrium, with the bulk earth 232Th/238U value
of 3.8. The errors are arbitrarily assumed to be 50%.
*** B.P. stands for “Before Present” where the “Present” is defined as the year 1950 C.E.
**** C.E. stands for “Common Era”, which is calculated as 1950 minus the 230Th Age (yr B.P)
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3.4

Trace element analysis: μ-PIXE

3.4.1 μ-PIXE description
Trace element analysis was conducted using the accelerator-based ion beam analysis technique of μPIXE at ANSTO. This is a powerful yet relatively simple method which allows the identification of trace
elements at a high spatial resolution (typically of the order of microns, Koltay et al. 2011). This high
spatial resolution, combined with the relatively high average growth rate of EC3 (~345 μm/yr, averaged
across all EC3 U-Th dates), allows sub-annual variation in EC3 trace elements to be analysed. Samples
being measured require little preparation other than ensuring they are appropriately sized, and the
method is practically non-destructive. The identification of trace elements is facilitated by the
generation of K and L X-ray emission lines at characteristic energies for a particular element. These Xray lines are emitted via transitions between different electron shells in the atoms contained within
the sample, the sample is irradiated with an ion beam at an energy in the range of 2-3 MeV (Koltay et
al. 2011). To describe the X-ray lines produced by all the different possible transitions, a Greek letter
is applied to the electron shell being filled. For example, Kα and Kβ emission lines are generated when
electrons from the L and M shells (respectively) transition to fill a vacancy in the K electron shell (Bezur
et al. 2020). The X-ray lines are also superimposed on a ‘background’ X-ray continuum
(Bremsstrahlung) (Koltay et al. 2011, Bezur et al. 2020). This background spectrum is produced by the
slowing of the bombarding particles in the sample, as well as the slowing of secondary electrons
released by these bombarding particles. Elements typically ranging from Al to U can be detected with
high detection efficiency, if K and L lines are used for elements with an atomic number  47 and > 47
respectively. Additionally, elemental maps can be generated by scanning the ion beam throughout a
rectangular area.

Currently, the use of the μ-PIXE method for speleothem trace element analysis is rare, with only one
other published study applying this technique found (Pelicon et al. 2002).

3.4.2 EC3 μ-PIXE parameters and definitions
μ-PIXE analysis was limited to 3 days in June 2021 (22-24 June) at ANSTO, as this was the only window
available. During this month, a COVID-19 outbreak occurred in Sydney, causing an extended lockdown
from the 26/06/21, restricting the possibility for additional analyses. Due to these time constraints,
three EC3 samples (EC3A-S2-1, EC3A-S2-2 and EC3B-S1-2) were targeted for μ-PIXE scanning (see
Section 3.4.3 for why these specific samples were chosen). Irradiation of these samples was performed
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by the 10MV ANTARES accelerator, with a 3 MeV proton beam focussed to a small spot size of 77 μm2
(~8.79 x 8.79 μm - defined as 1 pixel) by a heavy ion microprobe (Siegele et al. 1999). One μ-PIXE scan
area ordinarily measures 256 x 256 pixels (i.e. 2250 x 2250 μm), over which the proton beam is
repeatedly scanned on the sample of interest. Additionally, adequate levels of statistical accuracy for
the elemental yields generated are generally increased via longer scan times for spectrum acquisition
(Koltay et al. 2011). Due to time constraints, however, increasing the scan time was impractical, and
thus sufficient counts were instead generated by reducing the scan area to a 256-long x 15-pixel wide
(2250 μm x 132 μm) rectangle, and running the beam over this area for an hour. Multiple rectangle
scans were performed down the length of each sample, with each consecutive rectangle made to
overlap by 350 μm with the previous (i.e. at a length of 1900 μm) in order to facilitate data stitching
along these rectangles. A set of these overlapping 256-long x 15-pixel wide rectangles are henceforth
defined as a ‘sample transect’.

X-ray emission energies from each sample were recorded via a high-purity Germanium detector
located within a vacuum, resulting in a μ-PIXE spectrum for each pixel in the scan. To reduce peak
pileup in the X-ray spectra (due to the dominance of Ca in the speleothem), an ~800 μm Perspex +
Mylar window was placed in front of the detector. This allowed better resolution of trace elements
against the background continuum, particularly for those elements relatively close to the Ca peak (such
as Fe, see Fig. 13). Pileup occurs when pulses originating from two photons arrive at the detector closer
in time than the pulse resolution of the system can separate (Pushie et al. 2014). This results in either
peak broadening (when a second pulse arrives on the tail of the first), or in “sum peaks” (where a peak
appears at the sum energy of two photons arriving simultaneously at the detector). Pileup peaks can
be created by a combination of any multiple photons, but statistically are most likely to occur from the
most intense peaks (Bezur et al. 2020).
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3.4.3 EC3 μ-PIXE procedure
Sample EC3A-S2-1 was the first (of 3 total samples) to be scanned (see Table 3 for scan details). Two
separate sample transects were performed on EC3A-S2-1, with the first transect (closer to the sample
tip) labelled EC3A-S2-1.1, and the second transect labelled EC3A-S2-1.2 (Fig. 9). The EC3A-S2-1.2
transect was performed 3.8mm below EC3A-S2-1.1 to target another part of the sample.

Note that position of the μ-PIXE sample transects in the following figures are approximate, but their
sizes are to scale.

Sample Transect:
Transect location
(sample)

EC3A-S2-1.1
EC3A-S2-1

EC3A-S2-1.2
EC3A-S2-1

EC3A-S2-2
EC3A-S2-2

EC3B-S1-2
EC3B-S1-2

Number of scans
(rectangles)

6

3

3

8

Total speleothem
length covered
(minus the
overlaps)

11.75 mm

6.05 mm

6.05 mm

15.55 mm

Run time (per
rectangle)

First 3 = 45 mins
each
Remaining 3 = 1
hour each

1 hour each
rectangle

1 hour each
rectangle

1 hour each
rectangle

Table 3: μ-PIXE and sample transect parameters for each analysed EC3 sample
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1884±9 CE

Figure 9: Sample EC3A-S2-1 and the approximate location of the two μ-PIXE sample transects (EC3A-S2-1.1 &
EC3A-S2-1.2). Both μ-PIXE sample transects are to scale. Red rectangles show the 350 μm overlap between
sequential 256x15 pixel rectangle scans (orange). The approximate location of the U-Th date located on this
sample is also shown (black dashed line).
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Sample EC3A-S2-2 was scanned next (Fig. 10). Since only one transect was performed on this sample,
it was simply labelled after the original sample name (EC3A-S2-2, see Table 3 for scan details).

Figure 10: Sample EC3A-S2-2 and location of the μ-PIXE sample transect (EC3A-S2-2). The μ-PIXE sample transect
is to scale. Red and orange rectangles explained in Fig. 9. Note that no U-Th date exists over the length of this
sample.
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Finally, sample EC3B-S1-2 was scanned (Fig. 11). Again, since only one transect was performed on this
sample, it was simply labelled after the original sample name (EC3B-S1-2, see Table 3 for scan details).

1475±7 CE

Figure 11: Sample EC3B-S1-2 and location of the μ-PIXE transect (EC3B-S1-2). The μ-PIXE sample transect is to
scale. Red and orange rectangles explained in Fig. 9. The approximate location of the U-Th date located on this
sample is also shown (black dashed line).
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These three EC3 samples analysed by the μ-PIXE method were chosen because, based on the U-Th
dating results, they covered both the CWP and LIA, as well as some of the transition period between
the MCA and LIA (see Fig. 12).

Figure 12: An Age-Depth plot displaying the approximate range covered by each sample transect. The black dots
represent the top four EC3 U-Th ages (as described in Table 2). The 95% age error is indicated by the black error
bars on each dot, however these errors are (mostly) smaller than the size of the black dot. Interpolation between
the U-Th dating points (black line) was performed via ordinary least squares regression. Each coloured rectangle
represents the accurate depth and estimated age which a particular sample transect covered. The sample
transects are EC3A-S2-1.1 and EC3A-S2-1.2 (red), EC3A-S2-2 (blue) and EC3B-S1-2 (green) (see Figures 9, 10 &
11). For this plot, the sample depth (Table 2) for the two EC3B ages was estimated in a continuous sense from the
second EC3A date.

3.5

Post μ-PIXE analyses

3.5.1 Initial μ-PIXE data processing
HDF5 files generated from the μ-PIXE analyses were processed using a python tool kit entitled PyMCA
(python Multi-Channel Analyser), which allows visualisation and analysis of energy-dispersive X-ray
Fluorescence (XRF) data (e.g. Alfeld and Janssens 2015). Processing within PyMCA involved 3 steps:
identifying Regions of Interest (ROIs) in the µ-PIXE spectra, background subtraction, and integrating
the peak area to produce elemental yield. The ROI algorithms used in PyMCA are described in Alfeld
and Janssens (2015). The ROIs were defined by bracketing between the Kα (sometimes Kβ) emission
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lines for different elements, to reduce the effect of peak interference. On the basis of peaks in the Xray sum spectra, the five elements selected for further analysis were: Ca, Fe, Zn, Sr and Y (Fig. 13).
PyMCA outputs the yield data (i.e. integrated count data) for the elements of interest as a csv file.

Figure 13: An example sum spectra from the μ-PIXE analyses. Each coloured line represents the sum spectra for
a single rectangle scan within the EC3A-S2-1.1 and EC3A-S2-1.2 sample transects. Depth (in mm) is given as the
vertical start-point for each rectangle, with the first rectangle said to have a (relative) depth of 0 mm. ROIs are
indicated by the blue ribbons. From left to right, these correspond to; Ca K α, Fe Kα, Zn Kα, Sr Kα, Y Kα, Sr Kβ. The
three Ca sum peaks (Kα + Kα, Kα + Kβ, Kβ + Kβ) are indicated by the vertical dashed lines (Finne et al. 2015). Also
note the flatness of the spectrum between 5keV and the Ca sum peaks, which is attributed to pileup (Pushie et al.
2014)

For elements with a high yield background spectrum (e.g. Zn, Fig. 14a), the PyMCA software is able to
remove the background values. Automatic background removal, however, is not performed for
elements with a very low background spectrum (such as Sr and Y). So, for elements that have low yields
in the sample (i.e. Y, Fig. 14b), it may be difficult to distinguish between background and signal. This is
a clear limitation of the general method.
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Energy (keV)
Figure 14: a (left): A section of the sum spectra for EC3A-S2-1.1 and EC3A-S2-1.2 covering the Zn Kα characteristic
energy. The background spectrum is relatively high here. Figure 14b (right): A section of the sum spectra for EC3AS2-1.1 and EC3A-S2-1.2 covering the Y Kα characteristic energy. The background spectrum is relatively low here. A
description of the coloured lines and depths can be found in Fig. 13.

With µ-PIXE, for this type of sample, Kβ peaks are not likely to be well-resolved for trace elements
(except for Sr), so the focus here is on Kα peaks. In the case of Sr, the yield was calculated by integrating
both peaks. The yield data was noisy for the ~8.79 × 8.79 μm pixels (i.e. 2250 μm/256 pixels), so the
data was aggregated into 3 × 3 pixel squares (26.37 × 26.37 μm, henceforth defined as 1 aggregate
pixel), reducing the rectangular scan data from 256 x 15 pixels (i.e. 15 vertical tracks) to 85.3 x 5
aggregate pixels (i.e. 5 vertical tracks). The trace element yields were standardized against the very
large Ca Kα peak, in order to account for sample matrix effects (thus the TE/Ca ratios are ratios of
integrated counts). Future work on the application of µ-PIXE to speleothems should include the
development of a proper calcite standard, and comparisons with LA-ICPMS. The individual sample
transect rectangles (now with 5 vertical tracks) were stitched together using the 350 μm scan overlap,
thereby generating 5 vertical TE/Ca ratio time series which were continuous over the length of a
sample transect.

3.5.2 Generation of an annual cycle chronology
TE/Ca ratios along each sample transect were placed onto a monthly chronology by utilising seasonal
trace element oscillation within the respective sample. Sr/Ca appeared to best record a consistent
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seasonal signal along the length each sample transect, whilst this was not the case for the other trace
element ratios (Zn/Ca, Y/Ca & Fe/Ca, see Section 5.1.1 for more details). Hence, the seasonal Sr/Ca
signal was used to generate an annual cycle chronology for each sample transect. The process
employed to generate a chronology for a single sample transect is described in the following steps:

1. Clipping & Z-scoring: The five vertical Sr/Ca tracks (per sample transect) were clipped
appropriately (to remove anomalously large spikes) and z-scored. Here, z-scoring is a standard
step for MSSA (next step), but z-scoring (sometimes called normalization) is also used in other
counting-cycle algorithms (e.g. Faraji et al. 2021).

2. Decomposition & Filtering: Multivariate Singular Spectral Analysis (MSSA, see Section 3.5.3)
was performed on the five vertical Sr/Ca tracks, using multiples of 16 as the window length
(m). The dominant periodicity of each MSSA reconstructed component (RC) was determined
by fast fourier transform (fft). The seasonal RC was then identified as one with a dominant
periodicity between ~12-16 aggregate pixels.

3. Seasonal composite: The seasonal RC was aligned across the 5 vertical tracks, in order to
account for any slope of the growth axis, by using the lag correlation function to produce a lag
(or shift vector). A seasonal composite was then constructed as the mean of the 5 aligned
seasonal RCs.

4. Find_peaks: The Scipy function ‘signal.find_peaks’ was used to identify the trough locations in
the seasonal composite (Fig. 15). These troughs are assumed to mark mid-January of each year
(i.e. the wettest month, Section 3.1 Fig. 6), and are used to create a depth-age curve.

5. Interpolation to a monthly chronology:
a. The depth-age curve from step 4 is interpolated (using numpy’s ‘interp’ function) to
produce a complete age curve for every depth point on the sample transect
b. The complete age curve is interpolated (using Scipy’s ‘interp1d’ function) at monthly
intervals to give a TE/Ca value for each month (see Section 4.2)

6. TE composite (for each element): Tracks of the ‘raw’ TE/Ca ratios (i.e. the original stitched time
series) were aligned using the same lag vector from step 3, composited into a single time series
using the mean, and placed on a monthly chronology by interpolating the complete age curve
from step 5a.
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Figure 15: Identification of trough locations in the EC3A-S2-2 Sr/Ca seasonal composite series (dark blue). The
trough locations (light blue) were determined using the Scipy function ‘find_peaks’. The grey line is a composite
of the EC3A-S2-2 Sr/Ca time series from Step 1.

3.5.3 SSA and MSSA
Dynamical time series are often a function of several underlying influences, containing different
components such as trends, oscillatory patterns and random noise (Golyandina 2020). In order to
understand a component of the time-varying system we are interested in, it is fundamental to reliably
extract its independent variability from the original time series. This can be achieved through
investigation and identification of specific spectral features of the original time series (Taricco et al.
2015). Singular Spectrum Analysis (SSA) and its multivariate extension Multivariate Singular Spectrum
Analysis (MSSA) are nonparametric spectral analysis methods which allow identification and
separation of the different components of time series, thereby providing insights into the underlying
dynamical behaviour of the analysed signal (Taricco et al. 2015). This method achieves both filtering
and noise reduction of the original time series, which is not achieved by other decomposition methods
such as Principal Component Analysis (PCA). MSSA and SSA were employed in three different instances
in this project. Firstly, as already mentioned, MSSA was used to identify the seasonal Sr/Ca signal in
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each μ-PIXE sample transect. Secondly, MSSA was used to identify the common interannual dynamical
components of instrumental time series relating to the ASM and the ITCZ (see Ssection 5.2.3 and
5.2.4.). Finally, SSA was employed to identify the unknown interannual dynamical components of the
composited Sr/Ca time series in each sample transect (see Section 5.3.2).

This subsection first introduces the general SSA and MSSA methodology, and then describes the details
of how these techniques were applied to the speleothem μ-PIXE trace element data and instrumental
ASM and ITCZ indices.

3.5.3.1 SSA and MSSA methodology
The general scheme of SSA decomposition can be described by the following steps, as adapted from
Golyandina (2020):

1. Embedding: The original time series is transformed into a structured trajectory matrix with
lagged copies of the time series subject to a chosen window length (m), where 1 < m < N
(where N is the length of the original time series).

2. Decomposition: Singular Value Decomposition (SVD) is applied to the trajectory matrix to
decompose the original series into a sum of rank-one matrices (singular values) describing
its various components (Fig. 16)

3. Grouping: The singular values (and associated vectors) are grouped appropriately based on
their separation from neighbouring values, and dominant periodicities in the frequency
domain

4. Reconstruction: The grouped singular components are then projected back on to the original
time series using the trajectory matrix, resulting in a filtered time series representing a
particular component of the dynamical variance (i.e., a reconstructed component or RC).
This method describes the SSA process for a 1-Dimensional time series. However, MSSA allows
simultaneous spectral decomposition of multiple time series (i.e. a p-Dimensional time series) with
common dynamical features, provided they are on an evenly spaced timescale. The only methodical
difference in MSSA as opposed to SSA resides in the embedding step, where the trajectory matrix is
constructed from stacked trajectory matrices of all p time series. Ultimately, the produced RCs
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describe the common dynamical variance in the stacked trajectory matrix (Golyandina, 2020). The
Functions used to apply MSSA (and other python-based methods in this thesis) can be found at:
https://gist.github.com/Mattriks/176c1c749d219688d0dc3138dd90703e

Figure 16: A plot of the singular values in the Sr/Ca sample transect for EC3A-S2-2. The singular values are a
measure of the variance explained in the trajectory matrix by each ungrouped RC. The singular values decrease
from left to right. Note that in this particular case, an m value of 16 x 5 was required to separate and identify the
seasonal Sr/Ca signal.

3.5.3.2 MSSA to identify the seasonal Sr/Ca signal
Firstly, MSSA was used to identify the seasonal Sr/Ca signal in each μ-PIXE sample transect. Multiples
of 16 (aggregate pixels) were used as the window length, because 16 is an approximate upper bracket
on the annual average growth rate. For example:

1 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑝𝑖𝑥𝑒𝑙 = 3 𝑝𝑖𝑥𝑒𝑙𝑠 × 8.79 𝜇𝑚 / 𝑝𝑖𝑥𝑒𝑙 = 26.37 𝜇𝑚 ∕ 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑝𝑖𝑥𝑒𝑙

As has been previously described in Section 3.5.1.

(4𝑎)
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394 𝜇𝑚⁄𝑦𝑟
= 14.94 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑝𝑖𝑥𝑒𝑙𝑠⁄𝑦𝑟
26.37 𝜇𝑚⁄𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑝𝑖𝑥𝑒𝑙

(4𝑏)

Where 394 μm/yr is the upper average U-Th growth rate calculated for the 95% range in EC3B-S1 (Fig.
8). The lower U-Th growth rate calculated for the 95% range in EC3A-S2 (i.e. the lowest growth rate of
the two analysed slices, 331 μm/yr) results in 12.55 aggregate pixels per year. These values are simply
a guide to help constrain periodicities of the RCs from the Sr/Ca MSSA so that the seasonal signal can
be identified. For any short sample transect, however, the seasonal Sr/Ca RC, may have a periodicity
outside of this range (see Section 4.3).

3.5.3.3 MSSA and SSA to identify interannual climate variability
MSSA was also employed to investigate the links between CIP hydroclimate and the ASM and ITCZ over
the instrumental period. Details regarding the datasets used in the analyses can be found in Section
5.2. The important information here is that all the datasets used were resampled to a DJF mean, in
order to focus on the Australian monsoon season. Additionally, a window length of 8 (i.e. 8 years, since
each data point is a yearly DJF value) was used in order to capture the potential range of interannual
variance. The 8-yr window was found to be suitable after preliminary testing on the ITCZ-DJF indices
(see Section 5.2).

SSA was used on the composited Sr/Ca time series from each sample transect separately, again to
identify the unknown interannual dynamical components. Sr/Ca was the focus of the TE/Ca ratio
analyses since it best recorded a consistent seasonal signal in all sample transects. Further details
regarding the cause of this seasonality, and its applicability for further analyses can be found in Section
5.1. In order to compare to the instrumental MSSA analyses, each Sr/Ca series was resampled to a DJF
mean, and a constant window value of 8 was used.
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4. Results
4.1

μ-PIXE trace element maps

A benefit of the μ-PIXE procedure is the ability to generate 2-Dimensional maps displaying the variation
in analysed trace element concentrations across the scanned area. These maps allow the visualisation
of oscillating trace element structure present within the speleothem sample. A further advantage of
this 2-Dimensional mapping is that lateral heterogeneities in trace element structure can be identified.
These heterogeneities may arise due to crystal growth processes and the presence of extra-lattice
particulates (Faraji et al. 2021). 1-Dimensional line scans (such as those produced by LA-ICPMS) may
mistake a heterogenous elemental inclusion for an oscillatory peak, thereby producing inaccurate
results. For example, Faraji et al. (2021) observed shifts in trace element peaks in their neighbouring
1-Dimensional LA-ICPMS time series. Superimposing these series onto a 2-Dimensional Synchrotron
Radiation μ-XRF map of their speleothem sample, these shifts were able to be explained by lateral
heterogeneities identified in the element map.

In this thesis, four maps were produced for each sample transect, displaying the variation in each TE/Ca
ratio (Sr/Ca, Fe/Ca, Y/Ca & Zn/Ca) across the scanned area. The data presented in these trace element
maps are the ‘raw’ (i.e. not clipped or z-scored) TE/Ca ratios before compositing took place. Note that
the track alignment (Section 3.5.2 step 6) results in some ‘Not a Number’ (NaN, indicated by white
rectangles) values at the top and bottom of the track. The depth of these NaN values for a particular
vertical track is relative to the degree of vertical track shifting required for the best alignment results.
NaN values also appear in areas with 0 elemental counts (e.g. in the Y/Ca heatmap Fig. 17), owing to
the use of a logarithmic colour scale. The logarithmic colour scale aids visualization of the trace
element structure over a large range of TE/Ca values (e.g. ranging from background to particulatederived values). However, a bug in the python package matplotlib 3.4.x, in the function ‘imshow’,
laterally increases the width of NaN values by half of a vertical track. This bug gives the impression that
6 vertical tracks are present in a sample transect, when there are really only 5.

The element maps (Figs. 17-20) show that multiple periods of oscillating trace element structure are
present within the speleothem samples. Oscillatory behaviour, likely seasonal, is clear for Sr/Ca, whilst
Y/Ca and Z/Ca show intermittent oscillatory variation (e.g. a breakdown in seasonal banding within
Zn/Ca in Fig. 17 between 200-300 aggregate pixels). Fe, on the other hand, shows more spiky
behaviour. Longer-term oscillations are also present, indicated by larger areas of colour change (e.g.
oscillations between darker and lighter red/orange in Y/Ca in Fig. 19). A more thorough investigation
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into the oscillatory periodicities of these trace element ratios will be conducted in Chapter 5. Lateral
trace element inclusions are also present in some sample transects (e.g. between 400 and 500
aggregate pixels for all element ratios in Fig. 20). However, further analysis of these inclusions (e.g.
how they may have formed) is not within the scope of this study.

Figure 17: Variation in the elemental ratios across the μ-PIXE sample transect EC3A-S2-1.1. Depth and width of
the sample transect are given in aggregate pixels (i.e. 1 aggregate pixel = a 3 x 3 block of original pixels). Note
depth and width can be converted to μm via multiplication by 26.4 μm/aggregate pixel. In this case, EC3A-S2-1.1
covers 11.75 mm of speleothem length (Fig. 9). Each elemental map has a separate logarithmic scale with the
colours representing different extents of maximum and minimum values.
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Figure 18: Variation in the elemental ratios across the μ-PIXE sample transect EC3A-S2-1.2. Depth and width are
explained in the Figure 17 caption. In this case, EC3A-S2-1.2 covers 6.05 mm of speleothem length (Fig. 9). Each
elemental map has a separate logarithmic scale with the colours representing different extents of maximum and
minimum values.
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Figure 19: Variation in the elemental ratios across the μ-PIXE sample transect EC3A-S2-2. Depth and width are
explained in the Figure 17 caption. In this case, EC3A-S2-2 covers 6.05 mm of speleothem length (Fig. 10).
Notice that each elemental map has a separate logarithmic scale with the colours representing different extents
of maximum and minimum values. The Zn/Ca map has one small area containing a very low Zn/Ca ratio relative
to the rest of the map. When a blending filter is applied to the map, this small value does not appear on the
map. Hence, the Zn/Ca shows very red values despite having a colour scale that extends much lower.
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Figure 20: Variation in the elemental ratios across the μ-PIXE sample transect EC3B-S1-2. Depth and width are
explained in Figure 17 caption. In this case, EC3B-S1-2 covers 15.55 mm of speleothem length (Fig. 11). Notice
that each elemental map has a separate logarithmic scale with the colours representing different extents of
maximum and minimum values.

4.2

μ-PIXE trace element composite time series

The composite time series are an average across the 5 vertical tracks (Section 3.5.2 step 6): this
averaging reduces the across-track noise, thereby allowing further investigation. These time series are
placed on a monthly chronology (Section 3.5.2): the starting month was determined via relative
location from the first Sr/Ca trough in the seasonal composite (where the first trough is assumed to be
January Year 1). In Figures 21-24, a 5-year sliding window average is placed on each composite time
series, except for those with ‘muted variance’ due to anomalous spikes (e.g. Zn/Ca in Fig. 21).
Interannual variance in the Sr/Ca composite time series will be further investigated in Section 5.
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Figure 21: Variation in the TE/Ca ratios (averaged across the 5 vertical tracks) along the depth of the sample
transect EC3A-S2-1.1. The x-axis displays the internal floating speleothem years. The time series cover ~50 years.
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Figure 22: Variation in the TE/Ca ratios (averaged across the 5 vertical tracks) along the depth of the sample
transect EC3A-S2-1.2. The x axis displays the internal floating speleothem years. This time series covers ~20 years.
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Figure 23: Variation in the TE/Ca ratios (averaged across the 5 vertical tracks) along the depth of the sample
transect EC3A-S2-2. The x axis displays the internal floating speleothem years. This time series covers 17 years.
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Figure 24: Variation in the TE/Ca ratios (averaged across the 5 vertical tracks) along the depth of the sample

transect EC3B-S1-2. The x axis displays the internal floating speleothem years. This time series covers ~52 years.
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Table 4 contains the numerical values related to each trace element composite series:

Sample
transect

Element ratio

Minimum

Maximum

Mean

Median

EC3A-S2-1.1

Sr/Ca

2.14

8.14

4.05

3.96

Fe/Ca

8.11

24.66

14.69

14.48

Y/Ca

-0.12

1.13

0.48

0.46

Zn/Ca

3.02

46.53

6.62

5.08

Sr/Ca

2.24

42.26

4.20

3.80

Fe/Ca

5.08

21.86

10.82

10.89

Y/Ca

0.23

6.47

0.57

0.53

Zn/Ca

2.83

10.92

4.35

4.29

Sr/Ca

2.72

5.67

4.12

4.18

Fe/Ca

4.41

30.97

12.13

12.03

Y/Ca

0.21

2.13

1.28

1.34

Zn/Ca

1.54

6.15

3.90

3.88

Sr/Ca

4.87

48.20

9.08

8.62

Fe/Ca

6.92

181.45

20.14

16.95

Y/Ca

0.05

13.49

1.03

0.95

Zn/Ca

3.36

26.58

6.14

5.85

EC3A-S2-1.2

EC3A-S2-2

EC3B-S1-2

Table 4: Numerical results of each trace element composite series from each sample transect

The presence of anomalous peaks can be observed in the majority of sample transects. These peaks
are sometimes located at synchronous depths for the element ratios within the respective sample
transect. For example, an anomalous peak in all TE/Ca composite series in the EC3A-S2-1.2 occurs at
~1.5 years (Fig. 22). EC3B-S1-2 displays the highest number of anomalous peaks for a sample transect,
with various peaks present across all the trace element ratios (Fig. 24). Some of these peaks are at
synchronous depths for all element ratios, whilst some are present in only the respective element. This
is the case for Fe/Ca peaks between 40-50 internal years, which may correspond to large flooding
events (Finne et al. 2015). The anomalous peaks in EC3B-S1-2 are also generally the highest amongst
the sample transects, apart from Zn/Ca, which displays the highest peak in EC3A-S2-1.1. Interestingly,
this peak is not replicated amongst the other TE/Ca ratios in this sample transect.

Also worth noting is an anomalous negative value for Y/Ca in EC3A-S2-1.1 at the very end of the time
series (~50 years, also in Table 4). This is likely due to an undiagnosed bug in a predefined python
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function used in the script to generate these composite time series. The seasonal analysis in Section
5.1 is unlikely to be affected by this one negative value.

Observing the median values in Table 4, we can get an understanding of the general TE/Ca values
without the distortion from anomalous values. Comparing all the sample transects, EC3B-S1-2 appears
to display the overall highest ratios for all elements considered, apart from Y/Ca. The inclusion of Y/Ca
is more variable between the samples relative to the other analysed elements, with higher values in
EC3A-S2-2 and EC3B-S1-2, and lower values in EC3A-S2-1.1 and EC3A-S2-1.2.

Analysing the 5-year running mean for applicable sample transects, there are periods of both
correspondence and differences between peaks and troughs. EC3A-S2-1.1 shows relatively good
correspondence between the 5-year peaks and troughs for Fe/Ca and Y/Ca (Fig. 21). In EC3A-S2-2,
although the long-term trend is similar for Y/Ca and Sr/Ca, differences in the location of the troughs
can be observed (Fig. 23).

4.3

Growth rate from U-Th ages and Sr/Ca annual cycle

The range of speleothem growth rate over the sample transect areas are able to be calculated in two
ways. The first is by using two sequential U-Th dates that either bracket or sit reasonably close to the
location of the sample transect. For the EC3A-S2-1.1, EC3A-S2-1.2 and EC3A-S2-2 sample transects the
closest U-Th ages are 153610 CE and 18849 CE dates, whilst for the EC3B-S1-2 sample transect, the
closest ages are 12567 and 14757 CE. Using the distance between the two closest dates, growth
rate ranges with a 95% confidence limit were estimated for the sample transects by bootstrapping the
age errors.

The second method is to calculate the minimum and maximum distances between two consecutive
seasonal Sr/Ca troughs (which represents one year) for the respective sample transect.
The values obtained from both methods can be observed in Table 5 below.
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Sample

EC3A-S2-1.1
EC3A-S2-1.2
EC3A-S2-2
EC3B-S1-2

U-Th (bootstrapped)
2.5 percentile
97.5 percentile
(μm/yr)
(μm/yr)
331
331
331
360

359
359
359
394

Seasonal Sr/Ca
Minimum (μm/yr) Maximum (μm/yr)

237.6
184.8
343.2
211.2

264
369.6
422.4
396

Table 5: A comparison between maximum and minimum growth rate ranges for each sample transect calculated

using U-Th results and the Sr/Ca seasonal signals.

There are some differences between the results calculated by the separate methods. The range of
growth rates calculated using the seasonal Sr/Ca signal in EC3A-S2-1.1 falls below the range calculated
using the U-Th results. Furthermore, minimum and maximum growth rates calculated using the Sr/Ca
signal in EC3A-S2-1.2 and EC3B-S1-2 extend beyond the respective U-Th results. The minimum EC3AS2-2 growth rate calculated using the seasonal signal falls within the respective U-Th range, but the
maximum again extends beyond the maximum U-Th value. Noticeably, it is the minimum values
calculated by the seasonal Sr/Ca method that fall particularly far from the U-Th calculated ranges
These differences suggest that the speleothem growth rate has large interannual variability, since the
U-Th growth rate ranges cover a much larger speleothem distance than the ranges for the individual
sample transects. Furthermore, large interannual variance of growth rate can be observed in the Sr/Ca
seasonal results, where minimum and maximum values cover a large range. One way in which this
interannual variability may occur is that there may be irregular years with higher speleothem growth
rates. This might result from large interannual variability of rainfall in the Katherine region (Jackson
1988, Sharmila and Hendon 2020), including sub-seasonal rainfall variability associated with monsoon
break and active periods (Marshall and Hendon 2015). The latter results in two or more separate
periods of intense rainfall totals, separated by periods drier conditions (Fig. 25)
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Figure 25: Years in which multiple rainfall peaks were observed from Katherine rainfall data over the 1901-2021
period. Rainfall was resampled to a 3-day sum (mm). The year values refer to the year in which the wet season is
ending (e.g. 1930 refers to the 1929-2930 wet season). A ‘0’ wet season day refers to January 1. Rainfall was
extracted from the Bureau of Meteorology for Katherine Council station.

In particular, the 1952-1953 wet season (Fig. 25) displays this sub-seasonal rainfall variability well, with
two dominant rainfall peaks separated by ~ 4 weeks of very low rainfall values. In years where this
pronounced sub-seasonal rainfall variability occurs, the seasonal Sr/Ca RC extracted via MSSA,
provided it is reflecting changes in regional rainfall amount (see Section 5.1), may count these subseasonal peaks as two separate wet seasons. This would give lower speleothem growth rate values,
when calculated using the seasonal Sr/Ca signal, than may actually exist. For example, Figure 26 below
aims to indicate potential circumstances in the EC3A-S2-1.1 sample transect where this ‘double-peak’
scenario may have occurred.
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Figure 26: A segment of the EC3A-S2-1.1 seasonal Sr/Ca time series (blue) and the original Sr/Ca composite time
series (grey line, clipped and z-scored). The green ribbons aim to display potential regions where a sub-seasonal
variation in rainfall has been considered a two-year cycle rather than one summer season

As we can see, these regions (green ribbons) show areas with generally lower original Sr/Ca values
(grey line), with a relatively small deviation to higher values in between, which may actually represent
one monsoon summer (i.e. one blue trough), where as two blue troughs are present.

Another example of the difference between U-Th growth rate and Sr/Ca-cycle growth rate can be seen
by plotting periodograms of the Sr/Ca SSA RCs. In the case of EC3A-S2-1.1, there is an RC gap around
the approximate seasonal periodicity range (12.55 and 13.61 aggregate pixels) calculated via the U-Th
derived growth rates (Fig. 27).
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Figure 27: A periodogram showing the leading 3 RCs in the EC3A-S2-1.1 Sr/Ca composite time series. The black
dashed lines represent lower and upper periodicities (12.55 and 13.61 aggregate pixels respectively) for a oneyear cycle in EC3A-S2-1.1. These periodicities were calculated using equation 4b, inserting the EC3A-S2 U-Th
growth rate range. The blue lines represent periodicities for the RC that was selected as the seasonal Sr/Ca signal
(RC[3:4]).

Hence, the RC used for the seasonal signal was chosen conservatively as the one closest to this range,
which had a lower dominant periodicity (RC[3:4], 9.16 aggregate pixels).

Nonetheless, most of the patterns in the Sr/Ca data should relate to the single year cycle rather than
the double-peaked wet seasons (Fig. 26), as the number of double peak rainfall years identified in the
instrumental data was only 7 (i.e. years in Fig. 25) in 120 years (5.83%). Thus, the presence of irregular
high-growth years should not dramatically affect the analyses in Chapter 5.
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5. Discussion
This thesis aims to ascertain a better understanding of the relationship between the CIP ITCZ and the
ASM, and the influence of these phenomena on rainfall variability for northern Australia over both the
instrumental and pre-instrumental periods. Firstly, seasonal variance in the TE/Ca ratios from our
analysed speleothem samples are investigated, in order to discern the environmental controls driving
their variance. Secondly, more specific metrics for instrumental-period ITCZ variability over the CIP
region are developed in the form of indices, in order to better understand the recent ITCZ trends, and
their relationship with the ASM, and influence on northern Australian rainfall. Finally, the speleothem
Sr/Ca record is interpreted in order to understand historical changes in the ASM and ITCZ dynamics,
with the implications of these findings discussed.

5.1

Trace element chemistry

In order to investigate seasonal variation in the four sample transects, the mean and 95th percentile of
the monthly TE/Ca ratios were calculated (Fig. 28).

5.1.1 Sr/Ca
Sr/Ca exhibits a robust seasonal signal in all sample transects (Fig. 28). This seasonal signal was
exploited to place each TE/Ca ratio onto a monthly chronology, with troughs in Sr/Ca values assumed
to signify mid-January, the wettest month for the Katherine region (Section 3.1 Fig. 6). With this
assumption, we are concluding two key factors. The first is that the Sr within the speleothem is derived
from a source that facilitates a peak in values to occur in winter (i.e. when it is dry), and a trough in
summer (i.e. when it is wet). Typically, this would imply that the Sr is sourced from the bedrock, with
its seasonal variance being a function of PCP (Wassenburg et al. 2020). This could ordinarily be
confirmed through analysis of the Sr/Ca variation with respect to other bedrock derived solutes (often
Ba and Mg), e.g. using LA ICPMS (as μ-PIXE was unable to detect these two elements). An alternative
source may be wind-blown delivery of marine-aerosols. Sr/Ca ratios are much higher in seawater than
in carbonate rocks (Fairchild et al. 2000), and we can expect lower values in wetter conditions as their
efficiency in influencing calcite growth processes are reduced (Faraji et al. 2021). However, Katherine
is located ~300 km from the coast, and it seems unlikely that marine aerosols would reach the cave
site.

The second factor we are concluding, now assuming that the Sr is sourced from the bedrock, is that
the seasonal Sr/Ca variation within the sample transects is controlled via seasonal hydrology
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variations. Whether this occurs through mechanism of PCP, speleothem growth rate or karst water
residence times, the result for a tropically situated speleothem is the same. That is, we would expect
the lowest Sr/Ca values to occur in the wettest month, as discussed in Section 2.4. The one uncertainty
with this assumption is related to the growth rate mechanism, and the sources and influence of
variations in CO2 inputs on the cave pCO2. As discussed in Subsection 2.4.3, a potential positive
feedback between cave pCO2 and the air density (Sánchez-Cañete et al. 2013) may hinder the tropical
diurnal cave ventilation regime (James et al. 2015). The accumulation of cave CO2 in this instance would
act to lower the stalagmite growth rate, thereby lowering stalagmite Sr/Ca concentrations (since D Sr
increases with increasing growth rate and vice versa, Baker et al. 2014, Stoll et al. 2012). However, if
we further assume that the majority of CO2 is delivered to the cave system in summer (caused by
increased soil CO2 production fuelled by higher rainfall, Romero-Mujalli et al. 2019), we can see that
even if the perennial cave ventilation is interrupted, we would still expect Sr/Ca troughs in the wettest
month.

In light of these assumptions, Sr/Ca is interpreted to be a proxy representative of changes in hydrology.
This hydrological signal is likely a function of seasonal variations in PCP within the cave. Hence, this
proxy may serve as a baseline for assessment of historical Katherine rainfall, and potentially southern
CIP paleoclimate, particularly the influence of the ASM and ITCZ.
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Figure 28: Average monthly TE/Ca ratios (solid lines) and 95th percentile (dashed lines) for the four μ-PIXE sample
transects (different colours). The 95th percentile is of particular interest as it allows us to visualise patterns in
seasonality that may not be represented by the mean.
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Proxy
Sr/Ca

EC3A-S2-1.1

EC3A-S2-1.2

EC3A-S2-2

EC3B-S1-2

Seasonal amplitude

0.68

2.54

0.56

2.17

Seasonal amplitude

0.08

0.15

0.14

0.45

Correlation with
Sr/Ca (r)

0.4

0.93

-0.038

0.77

seasonal amplitude

1.04

0.61

0.62

4.37

Correlation with
Sr/Ca (r)

0.94

0.83

-0.40

0.85

Correlation with
Y/Ca (r)

-0.38

0.71

0.18

0.70

Y/Ca

Zn/Ca

Table 6: A summary of the average seasonal amplitudes and correlations between the seasonally varying TE/Ca
ratios in each sample transect. Green cells represent significant correlations at the 1% level, yellow cells
representing significant correlations at the 5% level and orange cells representing significant correlations at the
10% level. The seasonal amplitude was calculated as the peak average monthly TE/Ca ratio minus the trough.
Note that Fe was not included in this table, as this element is not expected to show consistent seasonal variation
(see Section 5.1.2).

5.1.2 Fe/Ca
Fe variability is associated with flooding events (Finne et al. 2015). In the study by Finne et al. (2015),
Fe/Ca was lower in ‘visually clean’ areas of the stalagmite, devoid of detrital flood horizons, whereas
higher values were in clayey horizons. This Fe was likely sourced from the land above the cave system
and transported in via flood waters. In the Katherine region, large flooding events do not occur every
year (NTG, 2000), so there is no expectation of a seasonal cycle in Fe/Ca in EC3. In Figure 28, the Fe/Ca
results for each slice do not display any particular structure and thus the monthly average may only be
an appropriate measure sporadically (i.e. in years where a large flood occurs).

5.1.3 Y/Ca and Zn/Ca
Y is known to be particulate-bound, soil derived and transported colloidally during high infiltration
events (see Section 2.4.2.2). At a tropical site, Faraji et. al (2021) found that Y was exclusively derived
from the soil and was carried into the cave system as an absorbed species on particles.
Correspondingly, Y showed peaks in the wet summer months and troughs in the dry winter months.
Similarly to Y, Zn is also linked to increased soil infiltration, transported via complexation by natural
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organic matter (NOM) (Vansteenbureg et al. 2020). Again, we might expect to see peaks of Zn/Ca occur
in the summer, where infiltration events are more intense and frequent, and troughs in the winter,
where infiltration events are much more unlikely (Vansteenburge et al. 2020). For a tropical
speleothem, therefore, we might expect to see a covarying Y/Ca and Zn/Ca reflecting increased
infiltration, and an anticorrelation with Sr/Ca (which reflects decreased infiltration). However, even at
a single site, these relationships may vary through time (e.g. Vansteenburge et al. 2020).

Referring to Figure 28, however, Y/Ca and Zn/Ca do not display the expected results. Three of four
sample transects (EC3A-S2-1.1, EC3A-S2-1.2 and EC3B-S1-2) show a significant positive correlation
between the Sr/Ca (which peaks in Winter) and the Y/Ca (aprat from EC3A-S2-1.1) and Zn/Ca monthly
averages (Table 6). For example, a September peak in the monthly average Y/Ca values, and an August
peak in the Zn/Ca, can be observed for EC3B-S1-2. Additionally, although the monthly average Y/Ca
values in EC3A-S2-2 display slightly higher values in the summer months, we can see that the 95th
percentile peaks in August. A potential explanation for these unusual late Winter/ early Spring peaks
relates to the methodology employed to generate the monthly TE/Ca chronology. Linear interpolation
was used to generate each monthly value between the distance of two neighbouring seasonal Sr/Ca
troughs (Section 3.5.2 Fig. 15), thus assuming that calcite deposition for each month within an
individual year was equal. However, there may be more calcite deposition in the summer months (DJF),
and less in the winter months (JJA) in relation to drip interval changes. Thus, linear interpolation
between Sr/Ca troughs is not necessarily the most appropriate method to calculate the monthly
values. Nonlinear interpolation could shift the late Winter/early Spring peaks into late Spring/early
Summer peaks. These late Spring or early Summer peaks in Y and Zn may relate to an onset of cave
infiltration at the beginning of the wet season, where the soil derived elements are mobilised by
flushing of humic and fluvic acids that have accumulated from intense biological activity in the soil over
the preceding dry months (Vansteenburge et al. 2020). Note that in the case of EC3B-S1-2, nonlinear
interpolation would also shift the wide Sr/Ca peak, suggesting other explanations.

An alternative explanation, assuming that the linear monthly interpolation is instead approximately
accurate, is that a different process (i.e. not infiltration) is controlling the winter variation in Y/Ca and
Zn/Ca some of the time, leading to increased concentrations precipitating on the speleothem. This
may be a function of a bedrock rather than soil source for these elements. Zhou et al. (2008) describe
periods where the rare-earth elements and Y (REY) present in their speleothem may be sourced from
the overlying soil, the karstic bedrock, or a combination of both. In the case of bedrock-derived Y and
Zn, longer residence times (which occur in the dry season) would allow increased karst dissolution and
thus higher concentration in the drip-water. Additionally, the distribution coefficient for Y for

69
partitioning into calcite was calculated to be <1 for drip-waters in Obir Cave, in the Austrian Alps
(Fairchild et al. 2010), and therefore, the winter peaks observed in EC3 may be a result of dry season
Y bedrock derivation, with its concentration amplified in the speleothem due to PCP. Note that dry
season drips have been observed in the cave passage where EC3 was obtained, pointing to water
storage in the karst. Conversely, Zn has been found to have a partition coefficient >1 in calcite (Fairchild
et al 2010), meaning that its concentration is decreased in a speleothem under the influence of PCP.
Nonetheless, the increased residence times may still lead to an increase in winter Zn reaching the
stalagmite. Therefore, under this scenario, samples where higher Zn/Ca and Y/Ca values occur in both
the summer and the winter (i.e. EC3A-S2-2), may indicate their derivation from both the soil and
bedrock. Alternatively, samples where a peak only occurs in the winter (i.e. EC3A-S2-1.2 and EC3B-S12) indicate more influence from the bedrock and less from the soil. The EC3A-S2-1.2 and EC3B-S1-2
sample transects display significant positive correlations between the Zn/Ca and Y/Ca monthly
averages, indicating their control from a common influence. The misalignment between the Sr, Y and
Zn winter peaks (i.e. the potential PCP peaks) is interesting, and future work should be done in
understanding the phase difference of TE/Ca ratios, which is not discussed in the literature.

5.1.4 EC3 trace element summary
Ultimately, Sr/Ca appears to be a robust record of hydrological changes at the site, likely controlled
through seasonal changes in PCP. Under a linear scenario, an indication of historical changes in
hydrology could therefore be inferred from the relative size of the average winter peaks between each
sample transect. However, difficulty arises when attempting to determine the cause of these average
seasonal variations. Higher average seasonal contrasts in Sr/Ca, such as experienced in EC3A-S2-1.1
and EC3B-S1-2 (Table 6) may be due to more intense average summer rainfall, driving a lower Sr/Ca
trough. Alternatively, particularly dry winters with a high extent of PCP may also drive a particularly
high winter peak, or it may even be a combination of both of these factors.

Currently, seasonally-resolved studies of these elements in CIP speleothems are rare. Future analyses
of Kintore caves, such as cave monitoring (including collecting calcite on glass slides), and analysis of
other 20th Century speleothems, would help to better understand variation in Y and Zn. In this study,
these ratios, as well as Fe/Ca, appear to have complex relationships with rainfall, and it is beyond the
scope of this thesis to explore those relationships further. Nonetheless, the seasonal hydrological
control of Sr/Ca allows inferences of historical rainfall to be made, and thus this ratio is the focus for
the remainder of the thesis.
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5.2

The ITCZ and ASM: Modern day relationship

5.2.1 New ITCZ indices: Definitions and trends
As was highlighted in Section 2.3.3 of this thesis, the literature lacks a set of indices that describe
modern variations in ITCZ position, width and intensity for the CIP region. In light of this, a novel set of
ITCZ indices were created using gridded precipitation records from 1901 onwards. These indices were
generated by fitting a gaussian function to latitudinal rainfall profiles from the CIP region (Fig. 29, see
Appendix 2 for additional details). The peak height of the gaussian function equates to the peak rainfall
values for the centre of the ITCZ (mm/month). This was named the ‘Pitcz’, and may be interpreted as
the ITCZ strength or intensity. The mean position of this peak equates to the latitudinal location of the
centre of the ITCZ (named ‘latitcz’). Finally, the standard deviation of the gaussian relates to the spread
of the ITCZ band (named ‘width’). An additional ITCZ derived index, which tracks the time-varying
latitudinal position of the southern edge of the ITCZ (named ‘S_edge’), was also created. This index
was calculated by subtracting the width from latitcz.

Figure 29: An example of a latitudinal rainfall profile (blue) from February 1905, fitted with the gaussian function
(red). The peak height of the gaussian equates to the ‘Pitcz’ index (height of the dashed grey line), the mean
position of the gaussian peak equates to the ‘latitcz’ (latitude of the dashed grey line), and the standard deviation
equates to the ‘width’ index (solid grey line). Rainfall extracted from CRU TS v4 (Harris et al. 2020) for the domain
95-155°E and -35-35 °N.
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Trends in these indices are analysed over the 1948-2019 period in this subsection, but additional
analyses of the data since 1901 are discussed later in Section 5.2.4. Figure 30 displays the trends for
the original ITCZ indices (i.e Pitcz, latitcz and width), whilst the derived index ‘S_edge’ will be analysed
in Section 5.2.2.

Beginning with Pitcz, pronounced interannual variability is clear for this ITCZ dynamic (Fig. 30).
Interestingly, over the past two decades, for the DJF quarter there is a clear decrease in ITCZ intensity
(total ~19mm/month), and for the JJA quarter an increase in intensity (total ~15mm/month). The
annual average ITCZ strength for the CIP also displays an increase (total ~7mm/month) since ~1985,
followed by a slight decrease of total ~2mm/month over the last decade.

Continuing with the latitcz, average annual values have been relatively stable over the 1948-2020
period, with the ITCZ centre sitting in the NH at ~6N (Fig. 30). This agrees with the reported global
mean ITCZ position (Schneider et al. 2014). Furthermore, the large seasonal migrations of the ITCZ over
the CIP region is well displayed by contrasting the DJF with the JJA positions. The DJF ITCZ position sits
south of the equator around the ~6S mark, and there is a slight northward shift from ~6S to 4S since
~1985. The JJA ITCZ position, however, sits at ~16N and has remained relatively stable throughout the
course of the analysed period.

Finally, the width displays an increase of ~1.5 over the past 3 decades for the DJF quarter, yet the ITCZ
width is relatively stable in the remaining quarters. The width index also appears to have an inverse
relationship with ITCZ intensity, i.e. increases in width are coincident with decreases in ITCZ intensity
and vice versa (Fig. 30). This relationship will be analysed further in section 5.2.3.
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Figure 30: ITCZ indices from 1948-2020 for both annual (top row) and quarterly time frames (DJF, March-AprilMay (MAM), JJA & September-October-November (SON)). A smoothed conditional mean was calculated and
plotted using the loess regression method, along with the associated confidence intervals (grey shading).
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The influence of these three ITCZ indices on Indo-Pacific rainfall can be observed in the following
correlation maps (Fig. 31). This figure also serves to display the average positions of the ITCZ centre
(i.e. latitcz), the southern (i.e. S_edge) and northern ITCZ edges for each quarter.

Figure 31: Correlation values between Indo-Pacific gridded rainfall (from CRU TS v4, Harris et al. 2020) and the
ITCZ indices for each quarter (DJF, MAM, JJA & SON), over the 1948-2020 period. These plots pair with the
quarterly indices plotted in Fig. 30. The solid horizontal line in each plot represents the average latitudinal position
of the centre of the ITCZ for the respective quarter (calculated over the 1948-2020 period). The dashed horizontal
lines in each plot represents the average northern and southern edge of the ITCZ for each respective quarter.
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Firstly, higher positive correlations between rainfall and Pitcz (first column in Fig. 31) are found close
to the mean ITCZ position for the respective quarter. This indicates that variations in the strength of
the ITCZ influences rainfall closer to its central latitude, with increases in strength resulting in higher
precipitation values. For the DJF quarter, for example, increases in ITCZ strength predominantly
influences higher rainfall values in the Northern Territory of Australia. Low correlation values, on the
other hand, are exhibited further away from the mean ITCZ position. For example, low correlation
values can be observed for the MC and northern Australia in the JJA season, indicating the lack of
influence of an increased ITCZ strength on these areas when the mean ITCZ position is located 16
degrees into the NH.

With regard to the latitudinal position of the ITCZ in the Indo-Pacific, stronger negative correlations
(between latitcz and rainfall) generally lie below the mean ITCZ position for the respective quarter
(second column in Fig. 31). This indicates that southward perturbations of the ITCZ from its mean
location results in higher precipitation for the regions south of the mean ITCZ position. For example,
strong negative correlation values exist for the northern part of Australia in the DJF quarter, indicating
that increased precipitation values will be experienced when the ITCZ is further south than its average
position for the DJF quarter. Conversely, positive correlation values exist above the mean ITCZ
quarterly position, indicating that positive northward ITCZ excursions produce a higher amount of
rainfall for the northerly locations.

Finally, strong positive correlations exist between the width and rainfall towards the edges of the ITCZ,
particularly for the edge in the opposite hemisphere to the ITCZ mean position (third column in Fig.
31). This indicates that increases in the width produces higher rainfall in the tails of the ITCZ. This is
particularly notable in the SON period, where strong positive correlation values in northern Australia
indicate that increases in rainfall are associated with an increase in ITCZ width.

Ultimately, these indices highlight the dynamic nature of the ITCZ over the CIP region, and its complex
relationship with rainfall over the 1948-2020 period. Furthermore, we start to get a picture of the
importance of other dynamical components of the ITCZ (i.e. the intensity and width), in addition to the
latitudinal position.
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5.2.2 The link between the ITCZ and the ASM
Clearly, changes in the dynamics of the ITCZ have influenced rainfall variability in the CIP region since
1948 (Fig. 31). There are also significant correlations between these ITCZ dynamics (represented by
DJF means of Pitcz, width, latitcz as well as the derived S_edge index), and with the ASM (represented
by the AUSMI (DJF) index described in Section 2.2.1). These correlations can be observed in Table 7
below:

Time

DJF

width
latitcz
S_edge
AUSMI-DJF

Pitcz
-0.1
-0.54
-0.41
0.57

width
0.33
-0.52
0.36

latitcz
0.33
0.63
-0.46

S_edge
-0.52
0.63
-0.71

Table 7: Pearson correlation (r) values between the AUSMI and ITCZ indices for the DJF period. Green cells
represent significant correlations at the 1% level, yellow cells representing significant correlations at the 5% level
and orange cells representing significant correlations at the 10% level

In DJF, both latitcz and S_edge show significant negative correlations with the Pitcz, indicating that
increases in the ITCZ strength are associated with southward latitudinal excursions of both the centre
and southern edge of the ITCZ for this quarter. Interestingly, the width does not display a significant
correlation with the ITCZ strength (Pitcz), despite the trends over the last two decades suggesting the
contrary (Fig. 30).
The most notable features of Table 7, however, are the correlations between AUSMI and the ITCZ
indices, particularly the significant negative correlation between AUSMI and S_edge (also see Fig. 32).
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Figure 32: Time series of AUSMI (DJF) values (black) and S_edge values for DJF (blue) between 1949-2020. The
‘Year’ refers to the year of the January and February values in DJF (e.g. 1949 = December of 1948 and JanuaryFebruary of 1949. Note that the S_edge axis was inverted in order to better display the correlation between the
two series.

The significant correlations between AUSMI and the ITCZ indices (Pitcz, latitcz and S_edge) indicates
that there are some common dynamical components between the Australian monsoon and ITCZ-DJF.
In particular, the strong negative correlation between S_edge and AUSMI suggests that the ASM is
particularly associated with the southern tail of the ITCZ. That is to say, further southward latitudinal
shifts of the southern ITCZ edge are associated with a higher ASM intensity. Nonetheless, the ITCZ
dynamics analysed are not perfectly correlated with the ASM, with some uncommon variance existing
between the two phenomena (67.5%, 78.8% and 49.6% of uncommon variance between the AUSMI
and Pitcz, latitcz and S_edge respectively). In particular, changes in the ITCZ width alone do not
significantly influence changes in the ASM, with 87% of unexplained variance between these two
indices. This suggests that the ASM and ITCZ are at least partly different climatic entities, and can be
influenced by different climate forcings. Further, this also suggests that the ASM is not simply a
manifestation of the seasonal ITCZ migration (cf. Gadgil 2018). Further support to this idea is lent
through the short-term DJF trend of decreasing ITCZ intensity and northward latitudinal migration
since ~1985 (Fig. 30). The calculated correlation values in Table 7 indicate that under this circumstance
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we should expect a decreasing ASM intensity. However, looking at the AUSMI (Fig. 2a), we observe an
increasing trend since ~1995, which only starts to decline around the 2015 mark.
Ultimately, these results highlight the issues in linking changes of ASM-derived rainfall directly to
changes in the ITCZ latitudinal position. alone Variability in the ASM rainfall might be instead
influenced by various ITCZ dynamics. In particular, this variability is more likely to be a function of
changes in the latitude of the southern ITCZ tail, but less likely due to changes in the ITCZ width alone.
Conversely, some changes in ASM intensity might be independent of the ITCZ variability, represented
by the uncommon variance experienced between the indices.

5.2.3 20th Century analysis
If our speleothem TE/Ca records, in particular the Sr/Ca records, are to be used to understand the
historical ASM and ITCZ dynamics, then it is important that we understand the response of the local
site rainfall (i.e. Katherine rainfall: ‘KR’) to these dynamics. Hence, MSSA was employed to assess the
common dynamical variance between the ASM, ITCZ and KR. The trajectory matrix for this analysis
consisted of the AMDI index (i.e. the longest index representing ASM variability), each of the four
created ITCZ indices (Pitcz, width, latitcz and S_edge), and the KR data (which represents the dominant
control on Sr/Ca cyclicity observed in our analysed speleothem samples). Additionally, a Principal
Component (PC) timeseries from 3 coral luminesce records (PC1, ‘R3’), which represents reconstructed
summer northeast Queensland (NE QLD) rainfall (Lough 2011), was also added to the trajectory matrix.
The inclusion of the coral luminescence series aims to assess the commonalities between climatic
phenomena influencing northern and north-eastern Australian rainfall, since these regions both
receive seasonal monsoon rainfall. Additionally, the use of this series in this analysis highlights the
utility of rainfall variability documented by corals, and the potential for comparing with other proxy
datasets. Instrumental rainfall records currently limit the KR and ITCZ indices from 1901-present, whilst
the R3 record spans 1685-1981. Therefore, this analysis focusses on the links between CIP
hydroclimate and the ASM and ITCZ for the 20th Century (up to 1981). Note that all time series used in
this analysis are DJF values, in order to analyse the Australian monsoon season.

Figure 33 shows the leading 4 RCs (from either paired or individual singular values) displaying the
common dynamical variance amongst these timeseries. These RCs represent different filtered
components of the original time series, corresponding to different oscillatory periodicities. The
proportion of variance that a particular RC represents of the original time series is provided as a
percentage in each panel of the figure. The first two RCs (RC[0] and RC[1:2]) are of the most use and
interest, since they represent a larger proportion of the variance for each of the original time series.
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Firstly, RC[0] appears to capture a longer-term climatic trend for the 20 th Century. Particularly good
agreement is displayed between the AMDI, KR, Pitcz, latitcz and S_edge time series. This is to be
expected, agreeing with the correlations calculated over the 1948-2019 period (Table 7). Here, we can
clearly see an increasing trend in both ASM intensity, Katherine rainfall amount and the ITCZ intensity
from ~1960 -1981. At this same time, we also see a southward migration in the latitudinal position of
the ITCZ and the southern edge of the ITCZ. Conversely, this longer-term trend is muted in both the
width and R3 time series. This result is again in agreement with the correlations calculated in Table 7,
where the ITCZ width did not display any significant correlation with the ITCZ or ASM indices for the
1948-2020 period. The lack of correspondence between the ASM and ITCZ indices with the R3 time
series effectively highlights the relatively smaller influence of these climatic phenomena on NE QLD
rainfall variability. Various other climatic phenomena are known to influence rainfall variation in NE
QLD, particularly tropical cyclones, ENSO, and the southeast trade winds (OOCC, 2017).

The most notable feature of this analysis, however, is the clear correspondence of KR with S_edge.
This correspondence is apparent for both the long-term trend (RC[0]) and the interannual oscillation
(RC[1:2], period of 3.28 years), with both of these RCs explaining a relatively comparable amount of
the overall variance (RC[0]: 10.43% (KR) & 19.29% (S_edge), RC[1:2]: 13.92% (KR) & 11.96% (S_edge)).
On the other hand, these RCs explain much less of the variance in the AMDI timeseries (7.45% & 2.31%
for RC[0] and RC[1:2] respectively). Therefore, although a good correlation exists between S_edge and
AUSMI between 1948-2020, it appears that Katherine Rainfall is better linked to latitudinal variations
in the southern edge of the ITCZ over the 20th Century.
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Figure 33: MSSA reconstructed components (RCs) for the 20th Century. The percentage of variance that each RC makes
up of the original time series is provided in each panel. A window length of 8 was used in order to capture the complete
spectrum of interannual variance. All monthly time series (ITCZ indices and KR) were resampled to a DJF mean to
capture variance in the Australian monsoon season. The DJF time series were z-scored prior to MSSA
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5.2.4 S_edge and Katherine rainfall
Further investigation of the relationship between KR and S_edge is justified by their close
correspondence observed in the previous MSSA (Fig. 33). A separate MSSA, with a trajectory matrix
consisting only of these two timeseries, was applied for DJF over the 1901-2019 interval (Fig. 34).

Figure 34: MSSA reconstructed components for S_edge and KR over the 1901-2019 period. Note that the
temporal frame of this analysis was limited at DJF 2019 because the last month of CRU TS v4 is Dec 2019. The
percentage of variance that each RC makes up of the original time series is provided in each panel. A window
length of 8 was used in order to capture the complete spectrum of interannual variance. Both timeseries were
resampled to a DJF mean in order to capture variance in the Australian monsoon season.

Here, the leading four RCs display a greater degree of correspondence than the previous analysis (Fig.
33), explaining a total of 41.7% and 39.3% of the variation in the original time series for KR and S_edge
respectively. In contrast to the previous MSSA, here the longer-term trend (again represented by
RC[0]) is not the dominant RC in explaining the variance. Interestingly a recent decline in KR RC[0]
coincides well with a northward moving southern ITCZ edge. The remaining RCs exhibit interannual
variance capturing different frequencies. RC[1:2] and RC[4:5] explain most of the variability. RC[1:2]
has a narrow peak of oscillatory variance, with a dominant period of 3.2 years for both time series (Fig.
35). In comparison, RC[4:5] has a broader peak of oscillatory variance, with dominant periodicities
ranging between 5.9 years and 8.5 years for KR and S_edge respectively (Fig. 35).
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Figure 35: A periodogram displaying the frequencies of variance captured by the RCs plotted in Figure 34 above.
The y-axis is given as the power of the frequency divided by the maximum power, and thus the dominant
periodicities have a value of 1. Dominant oscillatory peaks are present at 2.1 years (RC[3]), 3.2 years (RC[1:2]),
5.95 and 8.5 years (RC[4:5]).

These dominant periodicities have also been observed in spectral analyses of the AUSMI by Wang and
Yu (2018). In the Wang and Yu (2018) study, a “quasi-biennial” (2-3 yr) band with significant power
was observed for almost the entirety of the analysed instrumental period (1948-2014). This oscillatory
period was attributed to the tropospheric biennial oscillation (TBO), which involves transitions
between the ASM and either the Indian summer monsoon (ISM) or Western North Pacific summer
monsoon (WNPSM) in successive summers. These transitions can be described by two mutually
exclusive scenarios:
i)

strong ISM → strong ASM → weak ISM → weak ASM → strong ISM and so on

ii)

strong WNPSM → weak ASM → weak WNPSM → strong ASM → strong WNPSM and so

or:

on
Changes between the ISM and WNPSM as the NH TBO monsoon centre are related to coupling of Sea
Surface Temperatures (SSTs). Stronger Pacific-Indian Ocean coupling is related to the ISM as the TBO
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north dipole, whereas stronger Pacific-Atlantic Ocean coupling is related to the WNPSM as the TBO
north dipole.

Ultimately, the ~3-year periodicity observed in Figure 35 is likely attributed to the TBO, as the
dominant period of 3.2 years is similar to the reported 2-3 years in Wang and Yu (2018). Since this
oscillatory component is observed here as peaking closer to 3 years rather than 2, it is henceforth
referred to as the ‘quasi-triennial’ (QT) band. This also helps to avoid confusion with the quasi-biennial
oscillation (QBO), which is a stratospheric climate phenomenon. However, further analyses are needed
to assess the TBO and ITCZ interactions.

A broader, lower-frequency periodicity in the AUSMI spectral analysis was also observed in Wang and
Yu (2018). This band broadly encompassed the 4-8 year range, which is very similar to what RC[4:5]
captures in Figure 35. Wang and Yu (2018) found that this low frequency band was greatly suppressed
from 1990-2014. Prior to this stage, however, this low frequency period displayed a similar power to
that of the quasi-biennial band. Drivers responsible for the 4-8-year frequency were not identified
(Wang and Yu 2018). However, it is likely that this lower frequency band is related to SST variation, as
such low frequency variation is typically associated with the oceans (e.g. Moron et al. 1998). Again,
this ~4-8-year band appears to be captured in both S_edge and KR (Fig. 35). Henceforth, this periodic
oscillation will be referred to as the low-frequency (LF) band.

Variation in the dominance of these two frequencies (relative to each other) on the original timeseries
can be analysed by generating a ratio of their amplitudes (Fig. 36). This serves as a basis for
understanding the frequency of southern ITCZ edge shifts during a particular temporal frame, which
may have implications for monsoon season rainfall. This amplitude ratio was calculated as the standard
deviation of the LF RC timeseries to the standard deviation of the QT RC timeseries. The standard
deviation was calculated using a window length of 20 years, with values in Figure 36 representing an
amplitude ratio for the centre of this window. Hence, values are absent before 1911 and after 2020,
since there is not 20 years’ worth of data to calculate the value.
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Figure 36: The amplitude ratio of the LF RC to the QT RC for the instrumental (1901-2020) period. This ratio was
calculated as the standard deviation of the respective timeseries using a window length of 20 years. The values
in this figure are the amplitude ratios for the centre of this window, hence the absence of values from 1901-1910
and 2011-2020. The purple rectangle indicates a time frame (1960-1980) where the LF periodicity was dominant
(i.e. the LF:QT ratio is > 1). The pink rectangle indicates a time frame (1981-2000) where the QT period was
dominant (i.e. the LF:QT ratio is < 1).

There is remarkable correspondence between the amplitude ratios for both timeseries (KR and
S_edge) over the instrumental period (r = 0.99, p < 0.001). The QT variation appears to be the overall
dominant influence on these time series throughout this period, as the amplitude ratio sits below 1 for
~70 years. This would indicate a higher frequency of southern ITCZ edge latitudinal shifts from its mean
DJF position (~16S, Fig. 31) for the majority of the instrumental period. The LF band, on the other
hand, shows dominance for only ~30 years in total, between ~1960-1980 and ~2000-2010. During an
LF period, southern ITCZ edge latitudinal shifts were less frequent, cycling every ~7 years rather than
every ~3 (i.e. the southern edge of the ITCZ sits either south or north of its mean DJF position for longer
periods). This would ultimately result in less ASM variability between DJF seasons, since S_edge
correlates well with ASM intensity over the instrumental period (Table 7).
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Whilst determining a change in the frequency of S_edge latitudinal perturbations through time is
significant, it does not reveal differences in monsoon season rainfall we can expect in during these
different periods. Hence rainfall profiles were generated for the known LF dominated period (19601980, purple rectangle in Fig. 36) and the known QT dominated period (1981-2000, pink rectangle in
Fig. 36), under scenarios where the S_edge is ±1 standard deviations (SDs) from its mean latitudinal
position in the DJF quarter (Fig. 37).

Figure 37: Latitudinal rainfall profiles for the LF (1960-1980) dominant and QT (1981-2000) dominant periods
discerned from Fig. 36. These profiles are a DJF mean for latitudinal S_edge positions ±1 SDs from the mean
S_edge position (in each respective period). The ‘pa’ (positive anomaly) refers to +1 SD whilst ‘na’ (negative
anomaly) refers to -1 SD. For the LF period, 1 SD = 1.54°. For the QT period, 1 SD = 1.56°. The vertical dashed line
refers to the approximate latitude of Katherine (for comparison).

Beginning with both periods, higher rainfall values are present on the southern side of the ITCZ in the
negative anomaly average (i.e. -1 SD of the S_edge from the DJF mean) than the positive anomaly
average (i.e. +1 SD of the S_edge from the DJF mean) (Fig. 37). The ITCZ appears wider for the negative
anomaly compared to the positive anomaly, especially for the southern edge of the ITCZ. Therefore,
the ITCZ width appears to ‘pulsate’ as the southern edge moves north and south from its mean
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position. Comparing the LF (1960-1980) and QT (1981-2000) dominated periods (Fig. 37), it is clear that
for the negative anomalies, the QT dominated period has a higher peak rainfall (397 mm/month) than
the LF dominated period (332 mm/month). On the other hand, positive anomalies show very similar
peak rainfall values for both periods (292 and 287 mm/month for the QT and LF periods respectively).
Thus, in the QT dominated periods, the higher frequency of negative anomaly phases brings more
intense rainfall for the northern Australia region, more often. In LF dominated periods, there is a lower
frequency of change between positive and negative anomalies. Whilst periods of positive anomalies
are very similar between LF and QT dominated periods, the negative anomalies in the LF periods bring
periods of more consistent, but less intense rainfall to the northern Australian region.

Ultimately, these results provide a deeper understanding of the relationship between Katherine
rainfall and the ITCZ and ASM dynamics. In particular, Katherine rainfall predominantly corresponds
with latitudinal movements of the southern ITCZ edge. Changes in the dominant interannual frequency
of southern ITCZ edge shifts have implications for rainfall seasonality and intensity, particularly for the
northern Australian region. This framework, therefore, provides a foundation for which to analyse our
hydrologically-controlled Sr/Ca series extracted from speleothem EC3.

5.3

Sr/Ca analysis

In the previous section it was established that Katherine rainfall has a particularly strong correlation
with S_edge over the period 1900-2019 (e.g. Fig. 34, r=-0.73, p<0.001). Relatively, the correlation
between the AMDI and Katherine rainfall over the 1901-2014 period is much weaker (r=0.18, p=0.06).
Nonetheless, the pre-instrumental period Sr/Ca records, assumed to reflect Katherine rainfall, could
be used to reconstruct both of these indices further back in time. This section first investigates how
representative the speleothem Sr/Ca signal is of the ASM and S_edge, then uses this information to
understand historical changes in these dynamics.

5.3.1 Sr/Ca and the AMDI
The speleothem Sr/Ca signal was first compared to the AMDI, as AMDI is the only index that extends
back to 1800. Radiometric U-Th dating of EC3 indicates that sample transect EC3A-S2-1.1 may overlap
with the 19th Century, since a date of 18849 CE was measured close to the location of the μ-PIXE scan
(Section 3.4.3 Fig. 9). However, uncertainties are associated with the location of this date on the
sample (and U-Th dating uncertainty), as well as the position of the μ-PIXE sample transect on the
sample (see Section 3.3). Thus, in order take these dating uncertainties into consideration, the
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correspondence between the Sr/Ca from EC3A-S2-1.1 and the AMDI was tested by performing a lagged
cross correlation (Fig. 38)

Figure 38: Correlation between the AMDI and Sr/Ca (DJF mean) from EC3A-S2-1.1 (green) and EC3A-S2-1.1 &
EC3A-S2-1.2 together (blue). Moving correlation values are displayed in the CCF panel, with the colour
corresponding to the respective Sr/Ca series. Vertical dashed lines indicate the anchoring point (strongest
negative correlation value) for the beginning of the two Sr/Ca series. The purple rectangles highlight the period
of match between the EC3A-S2-1.1 Sr/Ca (green) and the AMDI.

To achieve this cross correlation, the EC3A-S2-1.1 Sr/Ca values (green Sr/Ca timeseries in Fig. 38) were
first resampled to a DJF mean to match the AMDI series (since AMDI is based on the DJF season only).
Then, using the Python statsmodels ‘ccf’ function, the Sr/Ca series was moved forward in time along
each point of the AMDI (starting from 1815 to avoid missing values in the AMDI), generating a
correlation value between the two time series for each lagged position (green CCF time series in Fig.
38). Since Sr/Ca values are lower in wetter conditions under PCP control, we would expect an
anticorrelation with AMDI values, where higher values indicate wetter conditions. Thus, the Sr/Ca time
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series was anchored to the point of the strongest negative correlation. This negative correlation value
(r=-0.45) fell at a year of 1896, indicating a possible point for the start of the EC3A-S2-1.1 Sr/Ca series.

The possible start date of 1896 for EC3A-S2-1.1 indicates that the EC3A-S2-1.2 sample transect may
also overlap with the 19th Century, since this scan was located 3.8 mm below the bottom of EC3A-S21.1. The EC3A-S2-1.2 Sr/Ca (DJF) series is too short to perform a reliable moving correlation. Thus, the
end (i.e. the most recent point) of this series was assumed to fall 14 years before the start of the EC3AS2-1.1 Sr/Ca series. This 14-year gap was based on the distance between the two transects (i.e. 3800
μm) and the average growth rate between both sample transects (i.e. 268 μm/yr, calculated using the
distance between seasonal Sr/Ca troughs e.g. Table 5). Hence, the EC3A-S2-1.1 and EC3A-S2-1.2 Sr/Ca
series were joined with a 14-year gap (blue Sr/Ca time series in Fig. 38). To check the accuracy of this
estimation, another lagged correlation was performed against the AMDI timeseries (blue CCF
timeseries in Fig. 38). Again, correlation values track the start of the joined Sr/Ca time series, moving
forward in time along the AMDI series. This correlation, however, begins at a year of 1781 in order to
start the EC3A-S2-1.1 Sr/Ca series at 1815, like it was in the first correlation. The strongest negative
correlation was sought to anchor the start of the joined Sr/Ca series, however only values between
1800 and 1900 were considered since edge correlation effects start to take place beyond this point.
Although slightly stronger negative correlations fell at 1810 and 1817, the relatively strong negative
correlation (r=-0.28) at 1851 lands EC3A-S2-1.1 quite close to the position calculated in the first
correlation (11 years apart). This seems to be a likely anchoring point for both Sr/Ca series, and the
result gives further confidence that the gap between the two series is a relatively good estimation.
Additionally, confidence is lent to the assumption that Sr/Ca is predominantly controlled via
hydrological change at the site, and that this hydrological change, although predominantly controlled
by southern ITCZ edge perturbations, can still be represented by changes in ASM intensity.

5.3.2 Sr/Ca: QT and LF bands
Although the AMDI is the longest instrumental data-based index considered in this thesis, the position
of the southern edge of the ITCZ has a higher correlation to KR. Therefore, the speleothem Sr/Ca
variations are more likely to be predominantly representative of changes in the position of the
southern ITCZ edge. Hence, the Sr/Ca records are interpreted here as proxies of southern ITCZ edge
latitudinal shifts.

The dominant frequencies in the Sr/Ca data can be determined in two ways. The first is to perform SSA
on the monthly data, and the second is to perform SSA on a DJF mean of the Sr/Ca, similar to that of
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the S_edge + KR MSSA (Section 5.2.4). Since Sr/Ca is controlled dominantly by hydrology, both
methods should capture this hydrological variance throughout the timeseries. However, using the
complete monthly data would allow changes in hydrology outside of the monsoon season (e.g.
potential Autumn rainfall variation), whereas we are interested in understanding changes in the
summer hydrological regime. Therefore, using the DJF mean seems to be the best method for this
purpose.

The S_edge instrumental-period index contained two dominant periodicities; a 3-year periodicity
(named the ‘quasi-triennial’ or QT band) and an ~7-year periodicity (named the low frequency or LF
band) (see Section 5.2.4). The leading RCs from each speleothem Sr/Ca sample transect also contained
both the QT and LF bands, which again lends further confidence to the assumption that Sr/Ca in the
speleothem is controlled via local hydrological changes. Furthermore, it indicates that speleothem EC3
is predominantly recording changes in the position of the southern ITCZ edge. Figure 39 displays the
RCs for the LF and QT bands from each Sr/Ca timeseries, and the corresponding amplitude ratios of
these two oscillatory bands.
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Figure 39: The RCs of the LF (purple) and QT (pink) bands from each of the Sr/Ca timeseries (top row), and the
corresponding amplitude ratios (bottom row). The amplitude of each RC timeseries was calculated as the
standard deviation using a window length of 20 years. The amplitude ratio values are for the centre of this 20year window, and hence values for the first and last 9 years are absent. This means for timeseries that cover less
than 20 years (i.e. EC3A-S2-1.2 and EC3A-S2-2), there is only one calculated amplitude ratio (shown as a dot on
middle plots in bottom row). The EC3A-S2-1.1 amplitude ratios here (red) run between 1895 and 1923, and this
timeseries was dated using the values obtained from the moving correlation in Figure 38. For the remaining time
series, the start year was calculated by interpolation between two U-Th ages.
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Results presented in Figure 39 are also summarised in Table 8.
Sample
~ Ages

EC3B-S1-2
1429-1478

EC3A-S2-2
1761-1777

EC3A-S2-1.2
1851-1870

EC3A-S2-1.1
1885-1933

Amplitude Ages

1439-1469

1769

1861

1895-1923

Climate Anomaly

LIA

LIA

CWP

CWP

Amplitude Range

0.35-0.48

2.3

2.18

0.40-0.79

Dominant
Frequency

QT

LF

LF

QT

Table 8: Results from each amplitude ratio analysis in the EC3 sample transects. Approximate ages were
calculated using the results from the correlation analysis in Fig. 38 for EC3A-S2-1.1 and EC3A-S2-1.2. Approximate
start years for EC3A-S2-2 and EC3B-S1-2 were calculated by interpolating between two U-Th ages. Amplitude
ages refer to the ages over which amplitude ratios were generated using the 20-year window. This means for
time series that cover less than 20 years (i.e. EC3A-S2-1.2 and EC3A-S2-2), there is only one calculated amplitude
ratio. Amplitude range refers to the minimum and maximum amplitude ratio generated, used to categorise the
period as either LF or QT dominated.

As was determined from the instrumental analysis (Section 5.2.4), a change in dominance between
these S_edge interannual frequencies has implications for both the intensity and seasonality of
monsoon-derived rainfall in the northern Australia region. Understanding the variability of these
dominant frequencies under different historical climate intervals may give indications for its variance
in the future. At first glance, it appears that some of the amplitude ratios calculated from the sample
transects fall slightly outside of the range of values seen over the instrumental period (Fig. 39). For
example, values for EC3A-S2-1.2 and EC3A-S2-2 are above the maximum instrumental value.
Additionally, some of the values in EC3B-S1-2 are below that of the minimum value for the
instrumental period. However, a key feature of these Sr/Ca records is that the interannual variance is
characterised by long periods of QT dominance, with shorter periods of LF dominance, as in the 20 th
Century S_edge analysis. Longer Sr/Ca records are needed to further investigate how often and why
LF periods occur, and how unusual the swings in the late 20th Century are (Fig. 39). One caveat here is
that there appears to be some nonlinearity of the amplitude ratios in the Sr/Ca records. Whilst there
is a generally good correspondence between the EC3A-S2-1.1 and the KR and S_edge amplitude ratios
where they overlap, it does not appear that the amplitudes of these frequencies are recorded to the
same degree, with EC3A-S2-1.1 exhibiting lower values overall. Future research would benefit from
finding high growth rate speleothem that grew in the second half of the 20th Century to compare with
the late 20th Century swings in amplitude ratio.
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5.3.3 Broad scale implications
Latitudinal variations in the southern edge of the ITCZ is only one of multiple ITCZ dynamical
components. Although this component is particularly important for the ASM and rainfall over northern
Australia, rainfall at other sites within the CIP may be dominantly modulated by a different component
of the ITCZ. Since CIP paleoclimate records are a convolution of changes in ITCZ strength, position and
width, it may be possible to deconvolve these facets by using multiple records like a latitudinal rainfall
profile. Figure 40 below plots high-resolution paleo-monsoon records from the CIP region (in

Wetter

latitudinal order) to indicate how a latitudinal rainfall transect could be calculated.

Figure 40: A plot displaying the Sr/Ca series generated in this study (EC3A-S2-1.1 and EC3A-S2-1.2), as well as
other relatively high-resolution monsoon-rainfall reconstructions from the CIP region. Note that y axes were
inverted for the KNI-51, EC3A-S2-1 and Liang Luar series, so as to correspond to increasing rainfall toward the top
of the plot. The KNI-51 and Liang Luar series are oxygen isotopes from speleothems sourced from the SISAL
database V2 (Comas-Bru et al. 2020). The RAP series is an average of two rainfall time series extracted from RAP
dataset for East Java (longitudes 115.25°E and 117.25°E, lat = 8.75°S, Shi et al. 2018).

The records used for such a task would require at least seasonal resolution and be scaled to local
rainfall (such as was done with the RAP dataset, Shi et al. 2018). The Sr/Ca series, although plotted as
the DJF mean, is the only series plotted in Figure 40 with the potential for seasonal resolution,
highlighting the need for higher-resolution studies from the CIP region. Furthermore, the records
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would have to document changes in monsoon rainfall for a common time interval (e.g. the DJF
quarter). The RAP dataset plotted in Figure 40 is claimed to be representative of JJA rainfall for the
East Java region (Shi et al 2018), whereas the remaining series predominantly reflect DJF rainfall
changes. Finally, gaussian fitting could be used on the records to generate the ITCZ indices for preinstrumental times. Simulations based on subsampling the 20th Century rainfall field could also be used
to test how many records would be needed to generate robust indices.

Ultimately, this method would seek to gain a more detailed understanding of ITCZ dynamical variance
over the historical period. This is particularly important for aiding in future predictions and the
associated social and environmental implications, as many current models still show uncertain
responses under the threat of anthropogenic climate change (e.g. Byrne et al. 2018).
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6. Recommendations for future work and conclusions
6.1

Recommendations for future work

This study provides a baseline for various avenues of future work to build upon. Such further
investigation should focus on:
-

Extending the trace element records to cover the full length of the EC3 speleothem using LAICPMS, in order to:
o

Compare results against the μ-PIXE method. The μ-PIXE method has rarely been
applied to studying speleothem samples, and the LA-ICPMS data would serve as a
cross-check on the μ-PIXE results.

o

Further investigate the Fe/Ca, Y/Ca and Zn/Ca signals in EC3, their relationship with
hydrology, and other environmental factors (e.g. fire)

o

Resolve additional trace elements that could not be measured with the μ-PIXE
method, to better constrain the environmental controls on trace element variance in
EC3.

o

Gain a better understanding of the degree of non-linearity between the Sr/Ca and
instrumental data, and the interannual periodicities, focusing on the late 19th through
to the most recent part of the 20th century covered by EC3 and other speleothems in
the Katherine region.

o
-

Further explore the paleoclimatic ASM and ITCZ signal in EC3.

Comparisons to other high-resolution CIP records:
o

Compare the seasonally-resolved EC3 speleothem to other high-resolution terrestrial
records (speleothems, tree-rings) in order to obtain a greater understanding of
variability in other dynamic ITCZ components in the past, so as to help constrain their
variance for the future.

o

Compare the EC3 records to seasonally resolved marine records (e.g. corals) from the
Indian and Pacific Oceans to learn about the influence of ocean temperature patterns
on the ITCZ.
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Conclusions

This study presents an analysis of the relationships between the ASM and ITCZ dynamics, their
influence on rainfall for the northern Australian region, and investigates whether these signals are
recorded in trace element ratios in a speleothem collected from Katherine, in Australia’s Northern
Territory. The conclusions from this work are:
-

That a new set of ITCZ indices successfully track changes in the ITCZ intensity, width and
latitudinal centre and southern edge position for the CIP region

-

ASM intensity strongly correlates with the southern edge of the ITCZ (r = -0.71, p < 0.01),
indicating that increases in the ASM intensity are associated with southward latitudinal
excursions of the southern ITCZ edge (a function of the latitudinal position and width). This
highlights the problems of linking changes in ASM-derived rainfall directly to changes in the
ITCZ latitudinal position alone, as has been done in multiple paleo-studies.

-

Katherine rainfall strongly correlates with the southern edge position of the ITCZ (S_edge; r=0.73, p<0.001) over the 1901-2019 period, whilst the relationship between Katherine rainfall
and the AMDI is relatively weaker over the 1901-2014 period (r=0.18, p=0.06).

-

Two interannual oscillatory components dominate the S_edge series (over 1900-2019), with
periodicities of 3 years (i.e. the QT band) and ~ 7 years (i.e. the LF band). In the austral summer,
negative anomalies in the southern ITCZ edge position brings more rainfall into tropical
Australia, for both the QT and LF bands, compared to positive anomalies. DJF rainfall totals
during negative anomalies were higher when the QT band dominated the frequency (i.e. 19812000) compared to the LF dominated period (1960-1980). Positive anomaly phases for QT and
LF were very similar.

-

Speleothem Sr/Ca contains a robust seasonal signal controlled by local hydrological change
(likely through seasonal variations in PCP), and was therefore interpreted as a proxy of changes
in the latitudinal position of the southern ITCZ edge.

-

Fe/Ca, Y/Ca and Zn/Ca appear to have more complicated relationships with rainfall, and were
not investigated further in this thesis

-

Dominant QT and LF interannual periods were also observed in the Sr/Ca series. Similar to the
instrumental record, the Sr/Ca record was characterised by longer periods of QT dominance,
with shorter periods of LF dominance. Longer Sr/Ca records are needed to assess the climate
and ocean drivers of these QT and LF periods.

Overall, this thesis concludes that a speleothem from the Kintore Cave system records changes in the
ASM and ITCZ, and could be successfully used to investigate ASM/ITCZ variability in the past.
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Appendix 1: KNI-51-10
For the 18O series from stalagmite KNI-51-10, there are three time series appearing in different data
sources.

Figure A1: Comparison of the KNI-51 Cave 18O time series from three different data sources. RD = redated. The
flat part of KNI-51-10 RD represents a hiatus.

The three data sources are:
i)

Denniston et al. (2016),

ii)

An updated NOAA file (containing a redated series):
(https://www.ncei.noaa.gov/pub/data/paleo/speleothem/australia/kni-512016d18o.txt)

iii)

SISALv2 (entity ID 335).

The lead author was contacted regarding this issue, and it was confirmed that the redated KNI-51-10
series from NOAA is the most up-to-date version. Hence, the redated KNI-51-10 series was used in
Figure 3 of this thesis (rather than SISALv2 ID 335).
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Appendix 2: Construction of ITCZ Indices
The ITCZ indices in this thesis were created by Dr Matt Fischer, using the Indo-Pacific land rainfall field
from CRU TS v4.04 (Harris et al. 2020). The rainfall field was extracted for the domain 95 to 155°E and
-35 to 35°N, and years 1901-2019. The rainfall field was preprocessed by calculating the minimum field
(i.e., the minimum rainfall at each grid point), and calculating rainfall anomalies relative to the
minimum field. This preprocessing was done to ensure that grid points with consistently high monthly
rainfall (e.g., mountains along the equator) do not cause spurious peaks in the latitudinal profiles of
rainfall. The latitudinal profiles of rainfall anomalies were calculated as averages over the land points
only, along each latitudinal band, for each month.

A gaussian function was fitted to each latitudinal profile of rainfall using the iterative weighted least
squares (iWLS) algorithm of Guo (2011). Guo’s iWLS algorithm is robust to both noise and long-tailed
gaussians. Note that the latitudinal range -35 to 35°N ensures that the polewards tail of gaussian was
captured in the latitudinal profile. An example is shown in Figure A2. A gaussian function is described
by 3 parameters: it’s maximum (peak height), width (standard deviation), and mean position (centre
latitude). These 3 parameters per month form the monthly ITCZ time series that are analysed by Josh
Melleuish in this thesis.

Figure A2: An example of a latitudinal rainfall profile (blue) from February 1905, fitted with the gaussian function
(red). The peak height of the gaussian equates to the Pitcz index (height of the dashed grey line), the standard
deviation equates to the width index (solid grey line) and the mean position equates to the latitcz (latitude of the
dashed grey line). Rainfall extracted from Had CRU TS4 (Harris et al. 2020), for the domain 95-155°E and -35-35
°N

